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Energetic  Materials 

-  Production,  Processing  and  Characterization 

Properties  and  product  quality  of  propellants  and  explosives  are 
significantly  influenced  by  the  specific  features  of  their  components.  One 
possibility  to  improve  the  quality  of  energetic  materials  in  view  of  less 
sensitivity  and  higher  performance  is  a  better  understanding  and  control  of 
formation  and  processing  technologies  of  the  components  of  energetic 
materials. 

The  spectrum  of  tasks  comprises  synthesis  and  analysis  of  energetic 
materials,  their  mechanical,  chemical  and  thermal  behaviour,  components, 
formation  and  characterization  of  particles  of  energetic  materials, 
processing  and  manufacturing  of  propellants  and  explosives;  safety 
technology,  quality  assurance  and  environmental  aspects. 

The  29th  International  ICT  Annual  Conference  is  aimed  at  the  introduction 
of  new  strategies,  research  and  development  results  and  new  technologies 
with  special  emphasis  on  production,  processing  and  characterization  of 
energetic  materials. 


Chairman  of  the  Conference 

Ulrich  Teipel 

Fraunhofer  ICT,  Pfinztal,  D 


Vorbemerkung 


Die  Themen  unserer  Jahrestagung  haben  wieder  ein  breites  internationales 
Echo  gefunden.  Die  groBe  Anzahl  von  eingegangenen  Beitragen  machte, 
wie  in  den  vorigen  Jahren,  eine  Einteilung  in  Vortrage  und  Poster 
notwendig.  Poster  ermoglichen  eine  intensivere  Diskussion  und  eine  direkte 
Ruckkopplung  von  interessierten  Tagungsteilnehmern. 

Der  vorliegende  Tagungsband  erscheint  zu  Konferenzbeginn  und  enthalt 
die  schriftlichen  Fassungen  der  Vortrage  und  Poster.  Aus  zeitlichen 
Grunden  muBte  die  Drucklegung  vor  Eingang  samtiicher  Beitrage  erfolgen. 
Nachtraglich  eingegangene  Manuskripte  finden  sich  im  Anhang  oder 
wurden  durch  die  Kurzfassung  ersetzt. 


Preliminary  Remark 

The  subjects  of  the  annual  Id-Conference  have  again  found  wide 
International  response.  The  vast  number  of  contributions  necessitated  -  as 
in  previous  years  -  a  division  into  oral  presentations  and  posters.  Posters 
enable  an  intensive  discussion  and  direct  feedback  from  interested 
conference  participants. 

The  Conference  Proceedings  are  published  at  the  beginning  of  the 
conference  and  contain  the  written  versions  of  the  presentations  and 
posters.  Due  to  the  shortage  of  time,  printing  had  to  commence  prior  to 
receipt  of  all  contributions.  Subsequently  received  manuscripts  are  either 
included  in  the  Annex  or  the  abstract  is  printed  instead. 
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Plasticisers  for  new  energetic  binders 

P.F.  Bunyan,  A.V.  Cunliffe,  P.J.  Honey 

P87 

Evaluation  of  a  homologous  series  of  high  energy  oxetane  thermoplastic  elastomer 
gun  propellants 

I.A.  Wallace,  P.C.  Braithwaite,  A.C.  Haaland,  M.R.  Rose,  R.B,  Wardle 

P88 

The  modelling  of  experimental  BuNENA/RDX/NC  propellant  properties 

C.F.  Wiehahn,  M.A.J.  Gantana,  J.C.  Engel 

P89 

An  investigation  into  the  thermal  stability  of  end-modified  PolyGlyn 

H.  Bull,  W.B.H.  Leeming,  E.J.  Marshall,  M.J.  Rodgers,  P.F.  Bunyan,  A.V.  Cunliffe 

P90 

Studies  to  understand  the  role  of  ballistic  modifiers  in  the  platonisation  of  double 
base  propellants 

M.P,  Sloan,  I.A.  Duncan,  S.F.  Dixon 

P91 

Fast  burning  rocket  propellants  with  reduced  smoke 

K.  Menke,  S.  Eisele 

P92 

Improving  the  elongation  capability  of  HTPB-based  composite  propellant 


G.J.J.  Steyn,  G.J.  van  Zyl 


P93 

Use  of  Butacene  in  composite  propellant 

D.R.  Fossey,  D.G.  Catton,  W.G.  Turner-Mutch 

P94 

Properties  of  CL-20  based  high  expiosives 

H.R.  Bircher,  P.  Mader,  J.  Mathieu 

P95 

Improvements  in  NTO  based  PBXs 

A.  Becuwe,  A.  Delclos,  M.  Golfier,  G.  Donzel 

P96 

Extrusion  trials  with  a  TSK045  twin  screw  extruder 

H.W.R.  Sabel,  E.  Schonewille 

P97 

Twin  screw  extrusion  compounding  of  energetic  materials  -  a  small  scale  laboratory 
facility 

P.Q.  Flower,  M.J.  Gough,  S.E.  Gaulter,  R.  Clift,  B.  Murray 

P98 

withdrawn 

P99 

Oberwachung  des  Extrusionsprozesses  mit  Nahinfrarot  (NIR)-Spektro5kopie 
Monitoring  of  extrusion  processes  by  Near  infrared  (NiR)  spectroscopy 

T.  Rohe,  S.  Kdlle,  H.  Nagele,  N.  Eisenreich 

P100 

Deterrent  coating  of  single  base  powders 

V.  Pus 

P101 

Temperature  sensitivity  of  small  arm  propellant 
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PI  02 

A  roadmap  to  very  high  impetus  gun  propellants 


R.  Simmons 


P103 

Verbrennbare  Hiilse  fiir  RMK  30 
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H.  Michael-Schulz 

P109 
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P110 
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A  new  detonation  model 

Hu  Shaoming 
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Numerical  experiment  on  determination  of  liquid  explosives  initiation  by  impact 
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S.B.  Victorov,  S.A.  Gubin 
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W.C.  Prinse,  R.H.B.  Bouma,  A.C.  van  der  Steen,  T.  Jordan,  A.  Cardell 
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N.  Belyaev,  N.  Kalinina,  V.  Khrutch 

P122 

Explosive  hazard  of  gasol  mixed  with  fluorine  agent 

Xuezhong  Xu,  Degui  Wang,  Baotian  Hao,  Mingjing  Pei,  Ruifu  Yang,  Xuefeng  Zheng 

P123 

DETPAR  -  the  catalogue  of  detonation  parameters  of  explosives 


J.  Majzlik,  V.  Dusik 
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The  ICT-Thermochemical  Database 

H.  Bathelt,  F.  Volk,  M.  Weindel 
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Thermai  decomposition  of  1,9-diazido-2,4,6,8-tetranitro-2,4,6,8-tetraazanonane  in 
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J.M.  Burov,  G.M.  Nazin 

PI  30 

NMR-spektroskopische  Charakterisierung  von  ADN  und  CL  20 
Characterisation  of  ADN  and  CL20  by  NMR  spectroscopy 

M.  Kaiser,  B.  Ditz 

P131 

Untersuchung  der  Zersetzung  von  Pulvervorkonzentrat 
Thermai  decomposition  of  nitrogiycerin/nitroceiiuiose  mixtures 

S.  Wilker,  U.  Ticmanis,  M.  Kaiser,  G.  Pantel,  K.-F.  Elshoff 
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Microcalorimetry  and  chemical  studies  of  double  base  propellants 
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Physikalisch-chemische  Charakterisierung  der  explosiven  Eigenschaften  von 
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Physical  chemical  characterization  and  explosive  properties  of  hydrazine  azide 
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Use  of  headspace  gas  chromatography  -  mass  spectrometry  to  identify  and  monitor 
gases  evolved  during  aging  of  energetic  materials 

A.N.  Agha,  J.M.  Bellerby,  C.S.  Blackman 

P138 

Investigation  of  lattice  imperfections  in  energetic  materials  using  X-ray  diffraction 

M.  Herrmann,  W.  Engel 

P139 

Thermochemical  and  radiative  computation  codes  linkage  using  an  experimental 
design  method 

R.  Boulanger,  L.  Brunet,  A.  Espagnacq 

P140 

Radiative  calculations  on  combustion  of  pyrotechnic  compositions 

R.  Boulanger,  A.  Espagnacq,  P.  Glllard,  J.M.  Souil,  M.  Roux 

P141 

A  new  aspect  of  relations  between  differential  thermal  analysis  data  and  the 
detonation  characteristics  of  polynitro  compounds 

S.  Zeman 

PI  42 

Evaluation  of  thermochemical  parameters  of  some  energetic  molecules 


V.  Prokoudine 


P143 

Determination  of  reaction  kinetics  data  from  thermodynamic  measurements  of 
cataiysed  composite  propeliants 

M.A.  Benmahamed 

P144 

Characterisation  and  quantitative  determination  of  trinitrotoluene  in  mixtures  with 
hexogen  by  differential  scanning  calorimetry 

M.  Suceska,  M.  Rajic,  R.  Culjak 

P145 

Thermal  behavior  and  stability  of  HNIW  (CL  20) 

S.  Lobbecke,  M.A.  Bohn,  A.  Pfeil,  H.  Krause 

P146 

Correlations  between  theoretical  and  experimental  determination  of  heat  of 
formation  of  certain  aromatic  nitro  compounds 

P.C.  Chen,  S.C.  Tzeng,  J.C.  Wu 

P147 

Untersuchung  zur  Stabilitat  und  Reaktivitat  von  reinem  NTO,  NTO/TNT-  und 
NTO/RDX-Gemengen  zur  Beurteilung  ihrer  sicheren  Verwendung 
Investigation  on  the  stability  and  reactivity  of  pure  NTO  and  mixtures  ofNTO-TNT 
andNTO-RDX  to  assess  their  safe  use 

M.A.  Bohn,  H.  Pontius,  S.  Lobbecke,  S.  Wilker,  G.  Pantel 

P148 

Charakterisierung  von  Verunreinigungen  in  neuen  energetischen  Materialien 
Characterisation  of  impurities  in  new  energetic  materials 

G.  Bunte,  H.  Pontius,  M.  Kaiser 

P149 

Afterburning  of  TNT  detonation  products  in  an  explosive  chamber 

J.  Paszula,  R.  Trebinski,  W.A.  Trzcinski,  P.  Wolanski 

P150 

Comparison  of  heat  effects  of  combustion  and  detonation  of  explosives  in  a 
calorimetric  bomb 

S.  Cudzilo,  R.  Trebinski,  W.A.  Trzcinski,  P.  Wolanski 
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Studies  of  high  energy  composites  containing  Polytetrafluoroethylene 
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Generic  qualification  of  pyrotechnic  compositions 
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Simple  models  of  the  ignition  of  solid  propellants 

W.  EckI,  S.  Kelzenberg,  V.  Weiser,  N.  Eisenreich 
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Characterization  of  combustion  and  stability  behavior  of  solid  propellants 

M. M,  Mench,  K.K.  Kuo 
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Study  of  the  flame  structure  of  ADN/HTPB  composite  propellants  using  molecular- 
beam  mass-spectrometry 
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Entwicklung  von  Hotspots  in  energetischen  Materialien 
Development  of  Hot  Spots  in  energetic  materials 
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H.  Ciezki,  E.  Kehringer 


PI  62 

Obtaining  submicron  abrasive  powders  by  pneumatic  processing  of  electric  corundum 
and  products  of  solid  rocket  propellants  combustion 

A.  Vorozhtsov,  Y.  Biryukov,  L,  Bogdanov 
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Thermochemical  and  explosive  properties  of  Nitropyrazoles 

V.P.  Lebedev,  Y.N.  Matyushin,  Y.O.  Inozemtcev,  I.L.  Dalinger,  S.A.  Shevelev,  I.V.  Fomenkov 
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FORSCHUNGS-SYNERGIEN  ZWISCHEN  WEHRTECHNISCHEN 
UND  ZIVILEN  ANWENDUNGEN 


Peter  Everer.  Peter  Eisner 


Fraunhofer-institut  fur  Chemische  Technologie  (ICT),  Postfach  1 2  40, 
76318  Pfinztal 


1.  Einleitung 

Das  Fraunhofer  ICT  forscht  sell  1 959  in  der  Wehrtechnik.  Schwerpunkte  des  ICT  waren  und  sind 
Explosivstoffe  (Sprengstoffe,  Treibladungspulver,  Raketen-Festtreibstoffe  und  Pyrotechnika). 

Self  1994  muSte  das  ICT,  wie  alle  wehrtechnischen  Einrichtungen,  Personal  abbauen.  Doch, 
entgegen  aller  Prognosen,  gelang  die  Teilkonversion  des  ICT  in  zivile  Anwendungsfelder  derart 
positiv,  daB  wir  heute  ca.  305  Mitarbeiter  beschaftigen  konnen. 

Da  Explosivstoffe  in  der  Regel  hochstgefullte  Kunststoffe  sind,  lag  es  nahe,  das  kunststoff- 
technische  Know-how  der  ICT-Mitarbeiter  auszuweiten  und  Synergiechancen  zwischen  Wehr¬ 
technik  und  zivilen  Anwendungen  zu  nutzen. 


2.  Fraunhofer  ICT  heute 

Anhand  des  Organigramms,  Bild  1,  des  ICT  lessen  sich  die  Kernkompetenzen  in  Stichworten 
darstellen.  Tabelle  1  vergleicht  einige  Kenndaten  des  ICT  heute  mit  denen  vor  vier  Jahren  [1]. 

Die  Produktbereiche  Umwelt-Engineering  und  Polymertechnik  vertreten  neue  Themenfelder.  In 
alien  funf  Produktbereichen  (neben  zwei  Dienstleistungsbereichen)  werden  die  Chancen  von 
wehrtechnischer  und  ziviler  Forschung  fur  anwendungsnahe  Losungen  genutzt.  Anhand  von 
Beispielen  wird  dies  im  folgenden  erlautert. 
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3.  Beispiele  zu  Forschungs-Synergien  zwischen  wehrtechnischen  und 
zivilen  Anwendungen 

Tabelle  2  gibt  eine  Gbersicht  zu  verschiedeiien  Beispielen,  fur  die  wehrtechnisches  oder  ziviles 
Wissen  zu  neuen  Anwendungen  im  jeweils  anderen  Bereich  fuhren. 

Energetische  Demontage 

Bild  2  zeigt  links  die  Kosten  in  DM  je  Kilogramm  Kunststoff-Neuware.  Im  rechten  Teil  erkennt 
man  am  Beispiel  modifiziertem  Polypropylen,  daB  ein  Kilogramm  Rezykiat  etwa  in  die  GrbBen- 
ordnung  der  Neuware  kommt.  Somit  besteht  wenig  Anreiz  zur  Wieden/en/vertung.  Hauptver- 
ursacher  fur  hohe  Rezykiatkosten  ist  die  ubenA/iegend  handische  Demontage  von  beispielsweise 
Autos,  Kuhlschranken,  Waschmaschinen,  Fernseher  usw. 

Gelingt  es,  diesen  groBten  Kostenbiock  zu  verringern,  gabe  es  neue  Impulse  fur  die  Kreislauf- 
wirtschaft  von  Kunststoffen. 

Bild  3  zeigt  prinzipiell  einen  Losungsansatz  der  kosten-  und  umweitgunstiger  ist  als  heutige 
Demontagewege.  Der  ProduktentwicklerAkonstrukteur  sieht  an  den  Stellen  des  Produktes 
Hohlkanaie  vor,  an  denen  nach  Produktnutzen  eine  Trennung  erwQnscht  wird.  Wahrend  der 
Produktnutzung  bleiben  die  Kanale  ungefullt  und  dicht  verschlossen.  Ein  "intelligenter" 
Demontierer  fUlIt  das  Hohlleitungssystem  mit  einer  kurz  vorher  zusammengemischten  Flilssig- 
keit,  die  detonierfShig  ist.  In  einem  Schutzbunker  werden  Produkte  zerlegt  und  konnen 
beispielsweise  mittels  eines  mit  Sensoren  ausgestattetem  Roboter  sortenrein  eingesammelt 
werden. 

Bild  4  zeigt  im  Rahmen  einer  Machbarkeit  die  beginnende  Zerlegung  einer  alten  Wasch- 
maschine.  Sie  wurde  mit  PVC-Schlauchen  und  Klebeband  so  prapariert,  daB  eine  Zerlegung  an 
gewunschten  Stellen  erfoigte.  Urn  die  Sprengung  mit  einer  Hochgeschwindigkeitskamera 
verfolgen  zu  konnen,  erfoigte  die  Zerlegung  im  Freien.  Bild  5  zeigt  die  energetische  Zerlegung 
in  einem  fortgeschrittenem  Stadium.  Die  zerlegten  Teile  der  Waschmaschine  zeigt  Bild  6. 
Hieraus  erkennt  man,  daB  es  mittels  der  beschriebenen  energetischen  Demontage  beispiels¬ 
weise  gelingt,  den  Kabelbaum,  die  Kunststoffdichtungen,  Stahiteile  usw.  zu  separieren. 

Dm  die  Energetische  Demontage  serienmaBig  einsetzen  zu  konnen,  ist  noch  umfangreich 
anwendungsnahe  Forschung  und  Entwicklung  erforderlich.  In  den  vergangenen  drei  Jahren  ist 
es  uns  am  ICT  nicht  gelungen,  deutsche  Firmen  zur  Finanzierung  zu  gewinnen.  Wir  arbeiten 
daher  seit  kurzem  mit  einem  japanischen  Firmenkonsortium  zusammen. 
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Energetisches  Pragen 

Energetisches  Pragen  ist  seit  ca.  1870  in  der  Wehrtechnik  bekannt.  Zivile  Anwendungen  gibt  es 
in  Nischen,  vor  allem  im  Bereich  der  Souvenirs,  Bild  7. 

Bild  8  zeigt,  wie  abbiidungsgetreu,  beispieisweise  ein  Eichenblatt,  in  Metail  abgebildet  werden 
kann.  Urn  hohe  Abbildungsgenauigkeit  zu  realisieren,  bedarf  es  viel  wehrtechnischem  und 
werkstoffkundlichem  Know-how.  Dieses  Wissen  laBt  sich  jedoch  auch  fiir  technische  ziviie 
Anwendungen  einsetzen, 

Bild  9  gibt  die  Oberflache  einer  Stahipiatte  wieder,  in  die  Leder  energetisch  gepragt  wurde.  Zur 
Hersteliung  von  Lederimitaten,  beispieisweise  fur  die  Oberfiache  einer  Instrumententafel  im 
Automobiibau,  mtissen  Formwerkzeuge  sehr  aufwendig  bearbeitet  werden,  urn  Kunststoffolien 
spater  als  Lederimitate  abformen  zu  konnen.  Mit  Hilfe  der  Energetischen  Pragung  erreicht  man 
ahniiche  Oberflachen  schneller,  wirtschaftlicher  und  technisch  besser,  da  beim  Energetischen 
Pragen  gleichzeitig  eine  Oberfiachenhartung  im  Stahl  einhergeht. 

Verbrennbare  Hulsen  fiir  Munition  (hulsenlose  Munition) 

Das  Beispiel  der  Hersteliung  verbrennbarer  Hulsen  fur  GeschoBmunition,  Bild  10,  demonstriert, 
daB  nicht  nur  wehrtechnisches  Wissen  in  die  zivile  Technik  flieBt,  sondern  umgekehrt  auch 
ziviles  Wissen  in  der  Wehrtechnik  zu  wirtschaftlichen  und  technisch  vorteiihaften  Losungen 
fuhren  kann. 

Mittels  der  in  der  Polyurethan-  und  Poiyamid-Verarbeitungstechnik  bekannten  RIM  (reaction 
injection  molding)-  oder  RRIM  (reinforced  reaction  injection  molding)-Technik  geiingt  es  durch 
entsprechende  Rezepturentwicklungen  "huisenlose"  Munition  groBserienfahig  herzustellen  [2]. 

Ultrafeine  Diamanten  (UFD) 

Voik  et  al.  [3]  gelang  es  bei  der  Explosion  von  kohlenstoffreichen  Sprengstoff-Rezepturen  kugel- 
fbrmige  Diamantpartikel  (UFD)  herzustelien.  Bild  11  faBt  Hersteliverfahren  und  Produkte 
zusammen.  Anwendungsmoglichkeiten  wurden  bisher  kaum  erschiossen,  obwohl  wir  am  iCT 
vielfaltige  Chancen  sehen.  Beispieie  konnten  sein:  Galvanische  oder  optische  Schichten, 
Energetisches  Einpragen  in  Metalie,  Fuilstoffe  fur  Kleber  u.v.m. 

Gasgeneratoren 

Seit  etwa  zehn  Jahren  setzt  man  zunehmend  Airbags  in  vielerlei  Varianten  zum  Schutz  von  In- 
sassen  in  Fahrzeugen  ein.  Beim  ZusammenstoB  von  Autos  entfaitet  sich  ein  "Luftsack"  vor  den 
Insassen,  Bild  12.  Er  wird  im  Miilisekundenbereich  durch  Gasgeneratoren  gefulit.  Das  Wissen 
urn  diese  Gasgeneratoren  entstammt  der  Wehrtechnik.  Bild  13  zeigt  einen  aufgeschnittenen 
Airbag-Modul  mit  den  Gasgenerator-Pellets  (A)  (Tabletten),  dem  Gasfiitersystem  (B)  und  dem 
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elektrischen  Anzunder  (C)  samt  Boosterladung  (Anzundmittel).  Derzeitige  Forschungen  und 
Entwicklungen  beschaftigen  sich  unter  anderem  mit  der  Herstellung  azidfreier  Gasgenerator- 
Komponenten  und  Systemen.  Tabelle  3  macht  das  Entwicklungspotential  von  Gasgeneratoren 
deutlich.  Beispielsweise  arbeiten  wir  am  ICT  neben  der  Entwicklung  neuer  Gasgeneratoren  fur 
Airbags  und  Gurtstraffer  auch  an  deren  Einsatz  in  neuen  Feuerlosch-  und  anderen  Sicherheits- 
systemen. 

Treibmittel  (Gasgeneratoren)  mit  hoher  Gasfreisetzungstemperatur 

In  der  Kunststoffverarbeitung  warden  Treibmittel  zum  Schaumen  meist  auf  Basis  Natrium- 
carbonat  oder  Azodicarbonamid  eingesetzt.  Die  Gasfreisetzungstemperaturen  liegen  stets  unter 
der  Schmelzeverarbeitungstemperatur,  so  daB  der  Schaumvorgang  wahrend  der  Verarbeitung 
erfolgen  muB.  In  der  Wehrtechnik  kennt  man  jedoch  Gasgeneratoren,  deren  Gasfreisetzung 
erst  oberhalb  300  °C  erfoigt.  Sie  sind  ahniich  kostengunstig  wie  die  ubiichen  Treibmittel  bei 
Kunststoffen.  Dadurch  eroffnen  sich  neue  Anwendungsfelder.  Mit  den  neuen  Treibmittein 
lassen  sich,  wie  in  Bild  14  schematisch  angedeutet,  lokale  Dichteunterschiede  innerhalb  einer 
vorgegebenen  Wanddicke  erzeugen  oder  ortliche  Wanddickenunterschiede  durch  lokale 
Energieeinkoppelung  (IR-Strahlen,  Mikrowellen  u.  a.)  herstellen.  Dies  kann  im  Formwerkzeug 
Oder  danach  erfolgen. 

Energetisches  Fiigen,  pyrotechnische  Montage 

Altbekannt  ist  beispielsweise  im  Bauwesen  das  Setzen  von  Bolzen,  Befestigungselementen  und 
ahniiches  mittels  SchuBapparate.  Mit  Hilfe  neuerer  Erkenntnisse  laBt  sich  die  Technik  des  Fugens 
und/oder  Befestigens  deutlich  erweiterteinsetzen. 

Durchgangige  Simulation  bei  der  Entwicklung  und  Erprobung  von  Explosivstoffen 

In  der  Automobiltechnik  beispielsweise  sind  in  den  vergangenen  20  Jahren  groBe  Schritte  hin  zu 
virtueller  Erprobung  von  Bauteilen  und  Fahrzeugen  und  weg  von  experimentellen  Untersuchun- 
gen  bzw.  Testfahrten  umgesetzt  worden.  Dagegen  erfoigt  die  Entwicklung  und  Erprobung  von 
neuen  Explosivstoffen  heute  noch  weitgehend  experimentell.  Vereinzelt,  nicht  miteinander  ver- 
zahnt,  werden  wohl  Berechnungsprogramme  eingesetzt,  doch  es  fehit  an  einer  durchgangigen 
Simulation. 

Am  ICT  haben  wir  begonnen,  zusammen  mit  Partnern  aus  Industrie  und  Wissenschaft  vorhan- 
denes  Know-how  zu  bundein  und  in  Richtung  einer  verstarkt  kombinierenden  (virtuellen  und 
experimentellen)  Entwicklung  voranzuschreiten. 
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Schnelle  Identifizierung  von  Kunststoffmull 

Das  Messen  schneller  Vorgange  (Kurzzeit-Physik)  spielt  in  der  Wehrtechnik  eine  groBe  Rolle. 
Beispiele  sind;  Explosionen,  Innenballistik,  Lenken/Erkennen  von  Flugkorpern  usw.  Will  man 
beispielsweise  den  gemischten  Inhalt  eines  "gelben"  Sackes  schnell  sortenrein  trennen,  braucht 
man  ein  zuverlassiges,  sehr  schnell  arbeitendes  Identifizierungssystem.  Eisenreich  et  al.  [4] 
haben  am  ICT  seit  knapp  zehn  Jahren  auf  Basis  der  Nah-Infrarot-Technik  (NIR)  ein  Erkennungs- 
system  entwickelt,  das  bis  zu  1 000  Spektren  je  Sekunde  aufzeichnet.  Nachteil  war  bisher 
allerdings,  daB  schwarzeingefarbte  Kunststoffe  nicht  erkannt  warden  konnten.  Mit  Hilfe  der 
Rontgenbeugung,  Bilder  15  und  16,  ist  es  am  ICT  gelungen,  auch  schwarze  Kunststoffe 
schnell  (innerhalb  von  einer  Sekunde)  zu  erkennen.  Durch  eine  Koppelung  der  NIR-  mit  der 
Rontgen-MeStechnik  kann  man  die  Lucke  schlieBen.  Erste  NIR-Systeme  sind  am  Markt  im 
Einsatz. 

Oberkrititsche  Fluide  (SCF  -  Super  Critical  Fluids) 

Der  Einsatz  von  uberkritischem  COj  (oberhalb  31  °C  und  74  bar)  bei  der  Flopfenextraktion  oder 
der  Entkoffeinierung  der  Kaffeebohnen  ist  seit  Jahrzehnten  Stand  der  Technik.  Oberkritisches 
CO2  zur  Reinigung  verseuchter  Bbden  dagegen  ist  neueren  Datums.  Dabei  ist  es  gleichgultig,  ob 
es  sich  um  wehrtechnische  Altlasten  oder  zivile  Verschmutzungen  handelt.  In  jedem  Fall  niitzt 
man  die  hohe  Loslichkeit  des  CO2  im  uberkritischen  Zustand  z.B.  gegenuber  vieler  Organika  aus. 
Was  fur  das  CO2  gilt,  laBt  sich  in  anderen  Bereichen  auch  fur  das  Wasser  belegen.  Im  uberkri¬ 
tischen  Zustand  (oberhalb  374  °C  und  220  bar)  ist  Wasser  ein  sehr  gutes  organisches  Losemittel 
auch  fur  umweltkritischste  Verbindungen  wie  halogenierte  Kohlenwasserstoffe,  Dioxine, 
polychlorierte  Furane,  usw.  Bild  17  zeigt  Anwendungsfelder  fur  Oberkritisches  Wasser  (SCWO  - 
Super  Critical  Water  Oxidation)  auf.  Bemerkenswert  ist,  daB  die  uberkritische  Fluidtechnik 
organische  Schadstoffe  emissionsfrei  in  handhabbare  Gase  (COj)  oder  Flussigkeiten  (Sauren, 
Laugen)  umwandelt,  Bild  18.  Eine  Vertiefung  in  SCF  gestattet  Flirth  et  al.  [5]. 

Umweltsimulation 

Die  Untersuchung  der  Gebrauchstauglichkeit  von  Produkten  (EinfluB  der  Belastungen  wahrend 
des  Transports  und  des  Produktlebenszyklusses)  nahm  vor  Jahrzehnten  ihren  Ausgang  bei 
Munition,  Flugkorpern  u.  a.  Sie  ist  heute  weder  bei  wehrtechnischen  noch  zivilen  Produkten 
erlaBlich  und  gibt  uns  uber  die  potentielle  Lebensdauer  von  Produkten  sowie  bei  der  Schadens- 
analyse  wertvolle  Entscheidungskriterien.  Tabelle  4  faBt  einige  Anwendungsbeispiele  der 
Umweltsimulation  zusammen.  Die  Bilder  19  und  20  zeigen  zwei  typische  MeBaufbauten  fur 
die  Ermittiung  der  Gebrauchstauglichkeit  von  Produkten. 
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Leichtbau-Panzerschutz  fiir  Fahrzeuge 

Der  Schutz  von  wehrtechnischen  (Mannschaftswagen,  LKW,  Hubschrauber  u.  a.)  sowie  von 
zivilen  Fahrzeugen  (Politiker,  Firmenchefs,  sog.  VIP)  erfoigt  heute  serienmaBig  uberwiegend 
durch  Stahiplatten.  Sowohl  bei  den  Landfahrzeugen  als  auch  vor  allem  bei  Hubschraubern  stoBt 
man  an  Masse-Transportgrenzen.  Am  ICT  entwickelten  wir  daher  aus  der  Synergie  Von  wehr- 
technischem  und  polymertechnischem  Wissen  Leichtbauplatten. 

ICT-Leichtbau-Panzerschutzplatten  erreichen  durch  intelligente  Kombination  von  Schichten 
verschiedener  Werkstoffe  folgende  Daten: 

•  B4 

BeschuB  mit  FaustfeuenA/affen  (.44  Magnum): 

430-450  m/s;  Weichkern;  1 1  mm  0;  15,6  g  GeschoBmasse 
Plattenmasse  6  kg/m^  (Stahl  25  kg/m^) 

Die  Kosten  je  m^  sind  bei  besserer  Verarbeitbarkeit  niedriger  als  bei  technisch  vergleichbaren 
Stahiplatten. 

•  B7 

BeschuB  mit  Gewehr  (G3): 

810-830  m/s;  Munition:  7,62  x  51  mm  VMS/Hk;  7,62  mm  0;  9,5  g  GeschoBmasse 
Plattenmasse  32  kg/m^  (Stahl  80  kg/m^) 

Auch  hier  sind  die  Kosten  niedriger  als  bei  technisch  vergleichbaren  Stahiplatten. 

Die  bessere  Verarbeitbarkeit  (Umformbarkeit)  der  ICT-Leichtbau-Panzerschutzplatten  (B4) 
ermoglicht  beispielsweise  die  Dekorbeschichtung  einer  Fahrzeug-Tur-Innenseite.  Die  Bilder  21 
und  22  zeigen  eine  beschossene  Fahrzeugtur  mit  ICT-Leichtbau-Panzerschutzplatten.  Bild  23 
verdeutlicht  die  Energievernichtung  des  Geschosses  uber  eine  ca.  5  cm  hohe  Ausbeulung  der 
ICT-Schutzplatte.  Auch  die  Forderung  nach  drei  dicht  nebeneinanderliegenden  Einschussen 
kann  erfiillt  werden. 

Seitenaufprallschutz  (crash  net)  filr  Fahrzeuge 

Die  Schwachstelle  hinsichtlich  des  Insassenschutzes  von  Fahrzeugen  (PKW)  ist  der  Seitencrash. 
Wir  arbeiten  daher  am  ICT  an  Machbarkeitsstudien  zu  folgender  Idee:  Ein  Stahlseil  oder  -netz 
wird  innerhalb  der  Karosserie  eines  PKW  von  der  A-  uber  B-  bis  C-Saule  gespannt.  Im  Falle  eines 
Seitencrash  spannen  Gasgeneratoren  in  definierten  Zeitintervallen  (intermittierend)  derart,  daB 
Aufprallenergie  durch  stuckweises  Plastifizieren  des  gespannten  Stahlseiles  absorbiert  wird. 

Bild  24  veranschaulicht  den  Vorgang  prinzipiell. 


1-7 


Wiederaufladbare  Hochenergie-  und  Hochleistungsbatterie 

Hambitzer  et  al.  [6]  entwickelten  am  ICT  in  den  vergangenen  sieben  Jahren  ein  neues  wieder- 
aufladbares  Batteriesystem  fur  wehrtechnische  und  zivile  Anwendungen. 

Seine  Merkmale  sind: 

•  Weltweit  hochster  Energieinhalt  pro  Masse  und  Volumen 

•  Weltweit  hochste  Leistung  pro  Masse  und  Volumen 

•  Betrieb  bei  Temperaturen  von  ca.  -70  °C  bis  100  °C  (keine  Hochtemperaturzelle) 

•  Schnell-  und  tiefentladefahig 

•  unkritisch  bei  Oberladung 

•  Kreislauffahig/Rezykiierbar 

•  Kann  nicht  brennen  oder  explodieren 

Tabelle  6  vergleicht  die  neue  Batterie  der  Fa.  Fortu  (ICT-Entwicklung)  mit  Nickel-Cadmium  und 
handelsublichen  Lithiumionenbatterien.  Daraus  werden  Vorteile  fur  die  Fortu-Batterie  deutlich. 
Derzeit  erfoigt  die  Kleinserienherstellung  und  -erprobung. 

Elektrochemische  Sensoren 

TNT-verseuchte  Boden  mussen  heute  mangels  langwieriger  (Labor)Analytik  und  wegen  umfang- 
reicher  Probennahme  sehr  aufwendig  untersucht  werden  und  bei  Kontamination  relativ  groS- 
flachig  abgetragen  werden.  Der  am  ICT  entwickelte  elektrochemische  Sensor  auf  der  Basis 
potentiometrischer  Messungen  erlaubt  ortliche  TNT-Kontaminationen  innerhalb  weniger  zehn 
Sekunden  quantitativ  vor  Ort  zu  analysieren. 

Weitere  wehrtechnische  Anwendungen  von  elektrochemischen  (On-Line-)Sensoren  konnen 
beispielsweise  sein; 

•  Nitro-  und  Aminoaromaten:  vor-Ort  Messungen  in  Boden  und  Wassern  und  einfache 
Flandhabung  ermoglichen  preiswerte  und  schnelle  Messungen 

•  Minendetektion:  positiver  Nachweis  an  Labormuster  (Plastikmine)  erbracht  mit 
Gasphasensensor  (s.u.) 

•  Chemische  Kampfstoffe:  positive  Erprobung  an  Vergleichssubstanzen  erbracht 

Bild  25  zeigt  den  am  ICT  entwickelten  hochempfindlichen  TNT-Sensor.  Hiermit  lassen  sich  TNT- 
Molekule  in  Boden  und  Wasser  im  Bereich  von  1  -6000  ppm  quantitativ  nachweisen. 

In  Entwicklung  ist  ein  System,  das  Molekule  in  der  Gasphase  nachweist.  Die  Empfindlichkeit 
liegt  im  Bereich  kleiner  10  ppb.  Damit  lassen  sich  die  ubiichen  Landminen  mit  Kunststoff- 
gehause  (in  geschlossenem  Zustand)  detektieren.  TNT  permeiert  als  Gasmolekul  in  geringsten 
Mengen  durch  das  Kunststoffgehause. 


1-8 


Eine  zivile  Anwendung  fur  elektrochemische  Sensoren  ist  ein  am  ICT  entwickelter  Alkoholsensor 
mit  dem  inline  der  Alkoholgehalt  beim  Brauen  von  Bier  verfoigt  werden  kann.  Bisher  ist  der  ziel- 
gerichtete  Abbruch  des  Garprozesses  beim  Brauen  von  alkoholfreien  Bier  nicht  sicher  moglich, 
weil  die  Analytik  zu  zeitaufwendig  ist.  Mit  dem  (CT-Alkohol-Sensor  ist  nun  eine  InLine-Analytik 
moglich. 

Weitere  denkbare  zivile  Anwendungen  dieser  OnLine-Sensortechnologle  sind  z.B.  Explosivstoff- 
sensorik  in  sicherheitsrelevanten  Bereichen  (Flughafen)  oder  auch  das  Aufspuren  von  anderen 
kritischen  Substanzen  wie  Drogen,  Umweitgifte  usw. 


4.  SchluBfolgerung 

Die  geschilderten  Beispiele  sind  in  der  Wehrtechnik  zum  Teil  seit  langerem  bekannte  Verfahren, 
die  nun  in  der  zivilen  Technik  ggf.  in  neuen  Varianten  Anwendung  finden.  Daruber  hinaus 
konnten  am  ICT  jedoch  neue  Synergiefelder  zwischen  Wehr-  und  Ziviltechnik  erschlossen 
werden. 

Kreativitat  und  ein  starker  Wille  zur  Umsetzung  in  Machbarkeiten  bis  hin  zu  Produkten  sind  ein 
wichtiges  Element,  urn  Arbeitsplatze  am  Standort  Deutschland  zu  sichern  und  neu  zu  schaffen. 
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1/1994  12/1997 

(Jahr  1993) 


Finanzen  (in  Mio  DM) 


Gesamthaushalt 

23 

33,9 

•  Wehrtechnik 

15,5 

17 

•  Polymertechnik 

4,8 

14 

•  Industrieanteil 

1,5 

7 

•  Investitionen 

2,8 

2,9 

Personal 

Mitarbeiter  gesamt 

185 

298 

•  Bereich  Wehrtechnik 

130 

116 

•  Ziviler  Bereich 

28 

82 

•  Zeit-Angestellte 

27 

100 

davon  Doktoranden 

18 

51 

•  Lehrlinge 

7 

13 

•  Durchschnittsalter 

46 

38 

Leistung 

Erteilte  Patente 

2 

5 

Vortrage 

72 

120 

Veroffentlichungen 

61 

73 

p-Wi. 

34  % 

50  % 

Tagungen,  Workshops 

4 

8 

BaumaBnahmen  0,1  4 


Tabelle  1:  Kennzahlen  ICT  -  Vergleich 
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Thema 

Energetische  Demontage 
Energetisches  Pragen 
Hulsenlose  Munition 
Ultrafeine  Diamanten 
Airbag:  azidfreie  Rezepturen 

Gasgenerator  mit  hoher 
Gasfreisetzungstemperatur 

Pyrotechnische  Montage 

Durchgangige  Simulation 
in  der  Wehrtechnik 

Identifizierung  NIR/ 
Rontgenbeugung 

Oberkritische  Fluide 
Umweltsimulation 
Leichtbau-Panzerschutz/Panzerung 
Crash-net  (Seitenaufprall) 

Batterien 

Sensorik 


iibergreifende  Kooperationen 
zwischen  den  Produktbereichen 
am  ICT 

EM/PT/UE 
EM/PT/ES 
EM/PT 
EM  /  ES  /  PT 
ES/UE 
ES/PT 

ES/PT 

ES/ EM/PT/UE 

ES  /  PT 

UE  /  EM  /  PT 
UE  /  ES  /  PT 
PT/EM/ES 
PT/ES 
AE 

AE/ES 


Produktbereiche 

EM  Energetische  Materialien  ES  Energetische  Systeme 

UE  Umwelt-Engineering  PT  Polymertechnik 

AE  Angewandte  Elektrochemie 


Tabelle  2:  Forschungs-Synergien  zwischen  wehrtechnischen  und 
zivilen  Anwendungen  -  Ubersicht  der  Beispiele 


Kosten 

Kunststoffneuware 
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Kosten  Rezykiat 

T  rockenaufbereitung 


Beispiel  PP/EPDM  aus 
StoRfangerverkleidung 


Bild  2:  Kostenvergleich: 

Neuware  mit  Rezykiaten  aus  Fahrzeugteilen 


1-13 


Gerate 

Einrichtungen 

Apparaturen 

Fahrzeuge 


Hohlleitungssystem 


zur  energetischen 


Demontage 


Nutzung 


Komponenten: 

Mischer 

Explosivstoffe  in 

Hohlleitungssystem 

fullen 


Sprengen 

Trennung  an  vor- 
bestimmten  Stellen 

danach  sortieren ' 


Bild  3:  Prinzip  der  Energetischen  Demontage 
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Bild  4:  Energetische  Demontage  einer  Waschmaschine  kurz  nach  Ziindung 


Bild  5;  Energetische  Demontage  einer  Waschmaschine  wahrend  der 
Zeriegung 
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Bild  6:  Zerlegte  Waschmaschine  nach  energetischer  Demontage 


Sprengfolie 
explosive  foil 


Zundung 

ignition 


Pragestruktur  Metallplatte 

z.B.  -  Eichenblatt  metal  sheet 

-  Oberflachenreliefs 
blocking  structure 

i.e.  -  leave  of  an  oak 

-  surface  reliefs 


Bild  7:  Energetisches  Pragen 


1 


16 


Bild  8: 


Eichenblatt  in  Stahl  energetisch  eingepragt 


Bild  9:  Ledernarbung  in  Stahl  energetisch  eingepragt 
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Anwendung 


•  Verbrennbare  HCilse 

•  Hulsenlose  Munition 

•  Sprengplattieren 


Bsp.; 

Verbrenn¬ 
bare  HCilse 
(30  mm) 


Formulierung 

Potymermatrix 
(EP-Harz,  UP-Harz,  PUR,.,.) 
Explosivstoff 
V\/eichmacher 
Treibmittel 


Herstellung 
ReaklionsspritzguO 
(RIM.  Niederdruckverfahren) 
Pressen 
Extrudieren 

y 


Produkt 


Formstabilitat 
hoher  Energieinhalt 
hohe  Abbrandgeschwindigkeit 
ruckstandsfreier  Abbrand 
LOVA-Eigenschaften 
gCinstige  Herstellkosten 


Bild  10:  Geschaumte  polymergebundene  Explosivstoffe 


Herstellungsverfahren 

Gasphasen- 

kondensation 

Sol-Gel-Prozesse 

Detonationssynthese 

Graphitumwandlung 

Produkte 

z.B.:Metalloxide 
typisch  30  nm 

UFD;  Nano-Diamanten 
KristallitgroBe  5  nm 

Diamantpulver  bis 
minimal  100  nm 

Marktchancen  UFD 

Nutzen  der  Kombination 
von  Diamant-Eigenschaften  und  Nanostruktur 


Bild  11:  Ultrafeine  Diamanten  UFD 


Bild  12:  Airbags  schutzen  Insassen  (hier  Versuchspuppen) 


Bild  13:  Aufgeschnittener  Airbag-Modul  eines  PKW 


1 
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Leistungsoptimierte 

Schadstoffreduzierte 

Systeme 

Systeme 

Explosionsschutz 
Austriebssysteme 
Wlembran  u.  Ventilaktivierung 
Montagesysteme 


Raketenantriebe 

Unterwasserantriebe 


Airbag 

Gurtstraffer 

Notantriebe 

Nothydraulik 

Montagesysteme 

Aufrichtsysteme 

Rettungssysteme 

Auftriebssysteme 

Feuerloschsysteme 

Aerosolgeneratoren 

Nebelsysteme 

Werfer 

Schaummittel  fur  Polymere 


Tabelle  3:  Anwendungen  von  azidfreien  Gasgenerator-Komponenten  und 
Systemen 

Lokale  Dichteunterschiede  innerhalb  der  Wanddicke 

z.B.  Oder  Einfallstelle 


lokale  Dampfung  Oder 
Warmeisolierung 


Lokale  Wanddickenveranderung 

z.B.  Oder  lokale  Haptik,  Gleitung, 

Verdrehsicherung.Versteifung 


Lokale  Dampfung 
Rutschsicherheit 


Bild  14:  Lokales  Aufschaumen  nach  dem  Formfullvorgang  (Thermoplaste, 
Duroplaste,  Elastomere) 
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Auswertung 


10  15  20  25  30  35  40 

Beugungswinkel  {*2©] 


Bild  15  und  16:  Kunststoffidentifizierung  mit  Hilfe  der  schnellen 
Rdntgenbeugung 
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Kunststoffe  u.  Additive 

-  Halogenierte  Kunststoffe 

-  Flammschutzmittel 

-  Weichmacher 


Organische  Reststoffe 

-  Pfianzenschutzmittel 

-  Arzneimittel 

-  Farben  und  Lacke 


-  Losemittel 


[scwo  ] 


Belastete  Abwasser  Klarschlamme 

-  Textil-  und  Papierabwasser  -  kommunale 

-  Emulsionen  -  industrielle 

-  Deponiesickerwasser 


Militarische 

Problemstoffe 

-  Explosivstoffe 

-  Raketenfesttreibstoffe 

-  Pyrotechnische  Satze 

-  Chemische  Kampfstoffe 


Kontaminierte  Boden 

-  Explosivstoffe 

-  Chemische  Kampfstoffe 

-  Mineraioie 

-  Haiogenkohienwasserstoffe 


Bild  17:  Anwendungsfelder  fiir  SCWO  (super  critical  water  oxidation) 


SUPERCRITICAL  WATER  OXIDATION 


Vorteile; 

-  ProzeUintegrierter  Einsatz 

-  Geschiossene  Aniage 

-  Kieine  AnIagengroBe 

-  Keine  Rauchgasreinigung 

-  Feststoffabscheidung 

-  Kurze  Venweilzeiten 

-  Hohes  Schadstoffeerstorungspotential 


Nachteile: 

-  Anspruchsvolle  Verfahrensfechnik 

-  Kompressionskosfen 

-  Teure  Werkstoffe  (Korrosion) 

-  Festsfoffablagerung 

-  Limitierte  Feststoffzufuhr 


Bild  18:  Reststoffbehandlung  durch  SCWO 
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Umweltsimulation  ;= 

Nachbildung  der  Wirkunaen  von  Umgebungseinfliissen 


Funktionstest 

Lebensdaueruntersuchung 

Umweltvertraglichkeit 

—  Gasgeneratoren 

—  Gasgeneratoren 

_ 

—  Airbags 

—  Airbags 

— 

—  Treibstoffe 

—  Festtreibstoffe 

— 

—  Zunder 

—  Explosivstoffe 

— 

—  Auto-Elektronik 

_ Auto-Elektronik 

_ 

—  Nachrichtentechnik 

—  Nachrichtentechnik 

— 

—  Geblase 

—  Automobiltanks 

— 

—  Werkstoffe 

—  Werkstoffe 

— ■ 

Gasgeneratoren  und 

Airbags  (Emissionen) 

Kraftstoffbehalter 

(Permeationssperre) 

Autoinnenteile 

(Fogging) 

We  '"Stoffe 
(indoor  air  pollution) 
Treibladungen 
(NOx-arme) 


Tabelle  4:  Umweltsimulation  wehrtechnisch  und  zivil 


Bild  19:  Umwelt  Engineering  -  Untersuchung  der  Bestandigkeit  von  Kraft- 
stoffschlauchen  gegen  OzonriBbildung  und  Kraftstoffpermeation 


Techntsche  Daten: 


Frequenzbereich; 

Spitzenkraft; 

Max.  Auslenkung: 

Max.  Beschleunigung: 
Rechnergesteuert: 

Prufvolumen: 

Temperaturbereich; 

Feuchtebereich: 

Taupunktserniedriegung: 

Programmgesteuert 


5  Hz  ...  5000  Hz 
2100  N 
25,4  mm 
95g 

Sinus,  Rauschen,  Schock 
5001 

-60  °C...  +  180”C 
10  %  ...  95  % 
bis  -  15  °C 


Bild  20:  Klima-Vibrations-Kammer  fiir  die  Umweltsimulation 
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Bild  21:  PKW-Tiir  (Frontansicht),  BeschuB  mit  .44  Magnum 


Bild  22:  PKW-Tur  (Riickansicht),  BeschuB  mit  .44  Magnum 
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Bild  23;  PKW-TQr  (Ruckansicht  liegend),  BeschuB  mit  .44  Magnum 


A-Saule  B-Saule  C-Saule 


Seitencrash-Versuchskonfiguration 


Wirkungsweise: 

Stufe  1: 

Versteifung  der  Seitenstruktur  durch 
Anspannen  einer  Netzstruktur  in  der 
Seitenpartie  mit  einem  Gasgenerator 

Stufe  2: 

Energieaufname  durch  plastische 
Verformung  der  Netzstruktur 


Bild  24:  Seitenaufprallschutz  (Crash  Net) 
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Vergleich  mit  anderen  Systemen  I 


Vergleich  mit  anderen  Systemen  II 


Vergleich  mit  anderen  Systemen  III 


Electric  Vehicle  (EV) 

1  'it 

60  kW/  ? 

Dauerleistung/Peakleistung 
60kW/200  kW 

20kW/60kW? 

Sicherheitstests  bisher  erfolgreich 

Sicherheit 

nicht  explosionsfahig 

explosionsfahig 

aufwendiges  Gehause 
brennbar 

einfaches  Management 
nicht  brennbar 

aufwendige  Zelluberwachung 
brennbar,  HF-Entwicklung 

16  %/Tag 

Selbstentladung 

40  %  /  Monat 
(->  10  %  /  Monat) 

10%/  Monat 

Selbstentladung 
Betriebstemperatur, 
flussiges  Natrium 

Hauptproblem 

Preis  +  Verfugbarkeit 
von  Kobalt 

Sicherheit;  z.Z.  Preis 
von  Kobalt 

Tabelle  6 
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Bild  25:  Prototyp  des  Sensorsystems  zur  TNT-Bestimmung  in  Bdden  und 
Wassern  [7] 
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Abstract 

The  energetic  material  formulator  is  faced  with  the  need  to  compromise  between  often 
conflicting  requirements  of  performance  and  safety  whilst  trying  to  minimise  overall  cost  and 
environmental  impact.  In  this,  he  is  often  restricted  by  the  ingredients  and  processing 
techniques  available  to  him.  An  area  of  ingredient  and  formulation  research  that  has  perhaps 
not  received  the  attention  it  deserves  is  that  of  the  design  and  use  of  plasticisers  in  modem 
composite  explosives  and  propellants.  Past  research  has  concentrated  on  the  classical  role  of 
the  plasticiser  as  a  processing  aid  and  as  a  modifier  of  mechanical  properties,  rather  than 
exploiting  other  attributes  that  can  be  put  to  good  use  by  formulators.  Such  attributes  include 
the  ability  to  improve  safety  characteristics,  both  of  the  final  formulations  and  during  the 
manufacturing  process;  modify  the  energy  or  oxygen  balance  of  formulations;  and  modify 
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bum  rates  and  ballistics.  The  roles  and  ideal  attributes  of  plasticisers  are  discussed,  and 
illustrated  with  examples  based  on  UK  experience,  particularly  with  polyNIMMO  bound 
composite  explosives  and  propellants. 

At  present,  no  ideal  plasticiser  is  commercially  available  anywhere  within  the  world 
community  and  plasticiser  choice  is  often  based  on  the  compromise  most  appropriate  to  the 
application.  However,  the  increasing  ability  to  model  the  action  of  the  plasticiser  within  the 
binder  matrix  represents  a  tool  that  can  be  used  in  future  to  design  new  plasticisers.  The 
relative  merits  of  designing  new  plasticisers  or  continuing  to  exploit  existing  ones  are 
discussed. 


Introduction 

The  Encyclopaedia  of  Chemical  Technology  ’  states  “A  plasticiser  is  incorporated  in  a 
material  to  increase  its  workability,  flexibility  or  distensibility  Addition  of  a  plasticiser  may 
lower  the  melt  viscosity,  the  secondary-order  transition  temperature,  or  the  elastic  modulus  of 
the  plastic.”  In  the  past,  plasticisers  have  all  too  often  seen  by  the  energetic  material 
formulator  as  ingredients  required  only  to  perform  these  classical  roles  as  processing  aids  and 
as  modifiers  of  the  final  mechanical  properties  of  a  formulation.  As  such,  past  research  on 
composite  explosives  and  propellants  may  have  neglected  assessment  of  these  essential 
ingredients,  limiting  studies  to  the  effects  on  formulation  viscosity  and  glass  transition 
temperature.  In  order  to  investigate  plasticisers  in  explosive  and  propellant  formulations  more 
rigorously;  to  be  able  to  compare  existing  materials  more  objectively  in  the  same  way  as 
explosive  fillers  have  been  and  ultimately  to  design  new  and  hopefully  better  plasticisers,  it 
is  first  necessary  to  fully  understand  their  role,  requirements  and  current  limitations. 

Ideally,  the  binder  system  of  an  explosive  or  propellant  formulation  should  not  require  an 
external  plasticiser.  Plasticisers,  by  their  very  nature,  tend  to  be  low  molecular  weight 
molecules,  mobile  and  volatile.  Thus,  in  adding  a  plasticiser  to  improve  certain  formulation 
characteristics  an  undesirable  feature  is  introduced,  the  capacity  for  plasticiser  migration  and 
loss,  with  the  potential  for  associated  deterioration  of  formulation  properties  on  ageing. 
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Internally  or  self-  plasticised  binders  are  highly  desirable  to  overcome  this  potential  problem. 
Plasticiser  theory  is  currently  being  used  to  investigate  such  systems  and  to  indicate  whether 
the  concept  can  be  applied  to  modify  existing  energetic  binders  such  as  polyGLYN. 
Nevertheless,  the  need  for  externally  plasticised  binders  remains  a  fact  of  life  for  the 
formulator  in  the  near  future  and  most  of  the  energetic  materials  experience  is  associated  with 
this  type  of  plasticisation. 

Historically,  UK  experience  with  composite  explosives  and  propellants  has  concentrated  on 
three  general  combinations  of  plasticiser  and  binder,  shown  below  in  table  1 . 


1 

COMBINATION 

Plasticiser  Binder 

Plasticiser 

Example 

Binder 

Example 

Formulation 

Example 

A 

INERT 

INERT 

DOS 

HTPB 

AP  Composites 

KRATON 

ROWANEX  3000" 

B 

ENERGETIC 

INERT 

KIO 

DIOREZ 

CPX200 

C 

ENERGETIC 

ENERGETIC 

BDNPA/F 

polyNIMMO 

pN  LOVAs  ^ 

Table  1 

Plasticiser/ Binder  Combinations 

Chronologically  the  research  emphasis  has  passed  from  Group  A  to  Group  B  to  Group  C,  with 
the  bulk  of  the  formulation  research  interest  for  future  systems  use  now  resting  with  Group  C 
combinations  of  an  energetic  plasticiser  with  an  energetic  binder.  The  group  A  type 
formulations  represent  the  most  technologically  mature  group,  with  HTPB  based  ammonium 
perchlorate  composites  well  established  in  service  use  and  a  range  of  HTPB  polymer  bound 
explosives  (PBXs)  either  in  UK  service  or  in  the  process  of  being  introduced  The  pure 
research  emphasis,  within  the  UK,  on  HTPB  based  systems  has  shifted  mainly  from 
formulation  to  more  advanced  means  of  characterisation,  principally  to  imderpin  the 
intelligent  ownership  of  munitions  containing  such  systems  and  to  aid  more  accurate  munition 
lifetime  predictions.  However,  within  an  increasing  need  to  address  enviromnental  issues  and 
to  design  formulations  with  an  improved  ease  of  disposal  at  the  end  of  service  life,  there  has 
been  more  recent  UK  formulation  activity  on  inert  plasticised  thermoplastic  elastomer 
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systems,  particularly  for  high  performance  explosives  suitable  for  shaped  charge  applications 
Although  only  present  in  a  small  percentage,  the  nature  of  the  binder  and  plasticiser  in 
these  pressable  explosives  can  have  significant  effects  on  the  safety  of  the  final  formulation. 
Experience  with  inert  TPEs  is  also  seen  as  an  essential  precursor  to  research  on  future 
energetic  TPEs. 

UK  interest  in  semi  energetic  binder  systems,  as  typified  by  the  Group  B  combination, 
subsided  with  the  availability  of  truly  energetic  polymers  such  as  polyNIMMO  and 
polyGLYN.  Today,  the  bulk  of  the  government  sponsored  plasticiser  and  formulation  research 
lies  in  the  evaluation  of  Group  C  combinations,  although  certain  Group  B  combinations  are 
being  investigated  by  Industry,  principally  for  gun  propellants. 

UK  EnergetijLPIa$ticiis£r  Expexknce 

Inert  plasticisers  and  inert  plasticised  systems  have  been  well  characterised  and  are  relatively 
well  understood.  The  energetic  material  community  is  able  to  draw  on  knowledge  from  the 
commercial  polymer  field  and,  because  of  the  widespread  use  of  these  plasticisers  in  bulk 
polymer  applications,  inert  plasticisers  are  relatively  inexpensive.  The  potential  applications 
of  energetic  plasticisers  are  limited  to  the  energetic  materials  field,  thus  restricting  the  body  of 
knowledge  and  the  potential  to  reduce  costs  through  bulk  use.  A  number  of  energetic 
polymers  such  as  polyNIMMO,  polyGLYN,  GAP  and  AMMO/BAMO  have  been  developed 
world  wide.  Similarly,  a  large  number  of  energetic  plasticisers  have  appeared.  Now  instead  of 
being  limited  to  using  HTPB  with  a  small  choice  of  well  known  and  freely  available 
plasticisers,  the  formulator  is  faced  with  a  complex  choice  from  numerous  combinations  of 
plasticisers  and  binders,  potentially  with  very  little  information  on  which  to  base  that  choice. 
In  recent  years  UK  energetic  binder  formulation  effort  has  centred  on  polyNIMMO 
although  an  increased  emphasis  is  now  being  placed  on  the  evaluation  of  polyGLYN, 
particularly  for  rocket  propellants.  A  range  of  plasticisers  have  been  examined  with  these  two 
binders  but  no  one  commercially  available  plasticiser  has  proved  to  be  ideal  in  all  roles  and 
circumstances.  Choice  of  plasticiser  has  rested  more  on  a  compromise  between  often  complex 
and  competing  requirements  which  go  much  further  than  the  need  to  lower  mix  viscosity  and 
binder  glass  transition  temperature.  The  United  Kingdom’s  experience  in  this  area  is  not 
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unique.  Similar  findings  have  been  reported  by  other  nations  in  international  collaborations 
such  as  TTCP  and  WEAG  CEPA14. 

The  energetic  plasticisers  investigated  in  the  UK  by  both  DERA  and  private  industry  include 
BDNPA/F,  KIO  (also  known  as  ROWANITE  8001,  a  mixture  of  dinitroethlylbenzene  and 
2,4,6  -  trinitroethylbenzene  65%/35%),  NENAs,  GAP  Azide,  BTTN/TMETN,  DANPE,  and 
nitro-glycerine,  all  of  which  have  advantages  counter-balanced  by  real  or  potential 
disadvantages.  Lack  of  a  single  ideal  energetic  plasticiser  has  prompted  the  UK  to  adopt  a 
more  a  comprehensive,  systematic  approach  to  evaluating  plasticisers  as  formulation 
ingredients.  This  approach  encompasses  reviewing  the  true  role  and  requirements  for 
plasticisers,  understanding  and  modelling  plasticiser  action  and  addressing  the  need  to  design 
and  synthesise  plasticisers  for  specific  binder  systems.  A  brief  overview  of  the  role  of 
plasticisers  in  energetic  material  formulations  is  included  below,  illustrated  with  examples 
mainly  drawn  from  experience  of  Group  C  plasticiser  /  binder  combinations  but  with 
additional  material  from  Groups  A  and  B. 

Plasticiser  Roles.  Requirements  And  Effects 

Fully  energetic  binders  systems  can  allow  the  formulator  to  achieve  one  of  two  objectives,  to 
either  directly  improve  performance  without  compromising  safety  or,  for  a  given  level  of 
performance,  improve  the  vulnerability  of  a  formulation.  The  latter  objective  can  be 
approached  in  two  ways.  The  energy  derived  from  the  binder  can  be  used  to  reduce  the  energy 
required  from  the  more  sensitive  filler  component,  either  allowing  the  loading  level  of  a 
sensitive  nitramine  filler  to  be  kept  to  a  minimum,  as  in  the  case  of  polyNIMMO  composite 
gun  propellants,  or  allowing  the  nitramine  to  be  partially  substituted  with  a  less  vulnerable  but 
less  energetic  component  such  as  NTO  '®.  The  contribution  of  the  energy  from  the  plasticiser 
towards  the  binder  system  as  a  whole  is  therefore  an  important  consideration  in  all  of  these 
simations.  This  additional  role  must  be  added  to  those  as  a  process  aid  and  mechanical 
property  modifier.  These  classical  roles  can  gain  additional  importance  on  progressing  from 
Group  A  to  Group  C  plasticiser  /  binder  combinations.  The  presence  of  energetic  groups  along 
the  polymer  chain  invariably  means  that  energetic  binders  are  more  dense  and  viscous  than 
HTPB  and  that  their  mechanical  properties  are  inferior  to  HTPB,  with  higher  glass  transition 
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temperatures,  Tg.  To  compensate  for  this  in  the  final  formulation,  it  is  all  the  more  important 
that  the  plasticiser  has  the  desired  effect  in  lowering  mix  viscosity  and  Tg.  The  full  list  of 
plasticiser  roles  and  attributes  are  presented  below  as  table  2. 


Roles 

Essential  Attributes 

Desirable  Attributes 

Classical  Role  - 
Processing  Aid 

Modifier  of  Mechanical  Properties 

Stable 

Safe  to  Handle 

Low  toxicity 

Inexpensive,  available  and 
low  environmental  impact 

Additional  Energetic  Materials 
Role- 

Improve  Energy  or  Oxygen 

Balance 

Modify  ballistics 

Improve  safety 

Physically  Compatible 
Chemically  Compatible 

Lower  viscosit> 

Lower  Tg 

No'low  migration  or  loss 
Desired  effect  on  all 
aspects  of  performance 
and  safety 

Table! 

Plasticiser  Roles  and  Attributes 


Processing  Aids 

The  careful  choice  of  plasticiser  and  plasticisation  level  are  particularly  important  if  castable 
compositions  are  required  but  plasticiser  selection  can  also  be  used  to  aid  the  mixing  as  well 
as  the  filling  process.  In  the  case  of  ROWANEX  3000,  a  pressable  HMX/TPE  explosive,  the 
level  of  plasticiser  was  selected  to  optimise  the  binder  rheology  to  allow  the  mixing  operation 
to  be  carried  out  by  a  solventless  compounding  process,  thereby  reducing  the  environmental 
impact  of  the  production  process. 


NENA  plasticisers  have  been  found  to  have  a  much  more  effective  classical  plasticisation 
ability  on  polyNIMMO  than  BDNPA/F,  leading  to  lower  viscosity  uncured  binder  systems. 
Figure  1  shows  the  relative  lowering  of  polyNIMMO  viscosity  for  10%  plasticised  BPNPA/F 
and  MEN42  systems.  MEN42  is  a  42%/58%  mixture  of  methyl  NENA  in  ethyl  NENA.  In  the 
UK  initial  studies  of  ammonium  nitrate/  polyNIMMO  smokeless  composite  rocket 
propellants,  imder  the  four  power  ASNR  -  TMP  programme,  were  undertaken  with  BPNPA/F 
plasticised  formulations.  Using  BPNPA/F,  the  ASNR  performance  target  of  an  SI  of  240  sec 
could  only  be  achieved  through  the  formulation  of  an  extrudable  composition,  AN8  ’* 
Replacing  BDNPA/F  with  the  more  efficient  plasticiser  MEN42  allowed  a  castable 
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composition,  AN9,  to  be  formulated  with  the  same  specific  impulse.  In  the  case  of 
polyNIMMO  composite  gun  propellants,  the  high  plasticiser  activity  of  MEN42  has  proved  to 
be  a  processing  disadvantage  rather  than  an  advantage.  Direct  substitution  of  BDNPA/F  by 
MEN42  led  to  the  extruded  dough  being  too  soft  and  caused  the  propellant  to  slump  and  the 
web  to  collapse  after  extrusion. 


25  30  35  40  45  50  55  60 

Temp  (C) 


Figure  1 

polyNIMMO  and  9/1  polyNIMMO/plasticiser  viscosity 


Effect  on  Mechanical  Properties 

Energetic  binders  have  higher  glass  transition  temperatures  than  established  inert  binders  such 
as  HTPB  and  efficient  plasticisers  are  required  to  lower  the  Tg  to  an  acceptable  level,  outside 
the  service  temperature  range,  if  energetic  binders  are  to  find  service  applications.  Tg’s  as  low 
as  -  60  °C  or  less  are  desirable  for  rocket  propellants  used  in  air  launched  missiles,  whereas 
Tg’s  of  around  -  35  °C  may  be  acceptable  for  formulations  used  in  the  land  or  sea 
environment.  Tg  also  tends  to  increase  with  higher  formulation  solids  loading  and  with  the 
applied  strain  rate.  The  desirability  of  lowering  the  Tg  and  its  influence  on  the  choice  of 
plasticiser  is  therefore  heavily  dependant  on  the  final  use  of  the  formulation.  A  number  of 
studies  have  been  conducted  in  the  UK  and  other  nations  on  the  effect  of  plasticiser  on 
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polyNIMMO  glass  trMsition  temperature,  showing  the  suitable  mechanical  properties  can  be 
obtained  for  the  binder  system,  although  the  air  launched  requirements  are  difficult  to  meet 
with  existing  plasticisers.  Figure  2  shows  the  effect  of  certain  plasticisers  on  polyNIMMO 
glass  transition  temperature,  cured  at  a  1/1  polyNIMMO/  Desmodur  NlOO  equivalent  weight 
ratio. 


A=  polyNIMMO,  B=  polyNIMMO/MEN42  3/1 ,  C=  polyNIMMO/MEN42  1/1 , 

D=  polyNIMMO/  EtNENA  3/1,  E=  polyNIMMO/  BuNENA  3/1, 

F=  polyNIMMO/  BDNPA/F  3/1 ,  G=  polyNIMMO/  BDNPA/F  1/1 , 

all  measurements  by  DSC. 

Figure  2 

Effect  of  plasticiser  on  polyNIMMO  Tg. 
The  effect  of  plasticiser  on  final  formulations  can  be  seen  in  table  3.  LOVA6  formulations 
were  designed  only  to  assess  Tg,  not  as  suitable  candidates  for  gun  firing.  LOVA4,  although  it 
has  a  high  Tg,  has  passed  UK  low  temperature  shatter  tests  prior  to  gun  firing.  In  this  case 
Tg’s  were  measured  by  DMT  A,  which  usually  gives  a  higher  figure  than  DSC. 


LOVA 

Plasticiser 

Tg(°C) 

4 

BDNPA/F 

-29 

6M 

MEN42 

-29 

6E 

Ethyl  NENA 

-38 

6B 

Butyl  NENA 

-38 

Table! 

Effect  of plasticiser  on  formulation  Tg. 


As  can  be  seen  from  this  table  the  effect  on  formulation  Tg  is  not  as  great  as  might  be 
expected  from  the  binder  results,  since  less  NENA  plasticiser  than  BDNPA/F  must  be  used  to 
avoid  producing  too  soft  a  dough  for  extrusion  purposes. 
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Effect  on  F.nergy  and  Ballistics 

The  influence  of  plasticiser  choice  on  the  performance  of  a  final  formulation  can  again  be 
seen  fi'om  ammonium  nitrate  based  rocket  propellants.  The  reformulation  of  AN8  to  give  a 
castable  AN9  formulation  was  in  part  due  to  the  superior  plasticiser  activity  of  MEN42 
compared  with  BDNPA/F  and  partly  due  to  it’s  higher  energy  content.  This  also  enabled  the 
RDX  content  to  be  reduced  without  reducing  the  formulation  specific  impulse,  thereby 
improving  the  formulation  vulnerability.  Later  use  of  Nitro-glycerine  as  the  plasticiser 
allowed  the  total  elimination  of  RDX,  without  a  significant  SI  penalty.  The  use  of  NG  was 
also  found  to  preferentially  increase  the  bum  rate  at  lower  pressures  thereby  lowering  the 
pressure  exponent.  The  need  to  control  performance  and  ballistics  will  again  depend  on  the 
final  application,  with  potentially  widely  differing  requirements  between  gun  and  rocket 
propellants,  and  the  influence  of  this  will  effect  the  choice  of  plasticiser  to  a  greater  or  lesser 
extent. 

Effect  on  Safety. 

As  already  described  above,  the  plasticiser  can  have  an  indirect  effect  on  formulation 
vulnerability.  More  direct  effects  have  also  been  noted.  A  number  of  polyNIMMO  composite 
gun  propellants  using  BDNPA/F  as  the  plasticiser  have  been  found  to  have  low  vulnerability 
to  shaped  charge  attack  None  containing  MEN42  have  met  that  requirement.  The  choice  of 
plasticiser  has  also  been  found  to  have  an  effect  on  the  impact  sensitiveness  of  HMX/TPE 
pressable  explosives,  with  more  viscous  plasticisers  producing  more  sensitive  formulations 

Plasticisers  can  also  be  used  to  good  effect  to  improve  process  safety.  The  explosive  CPX200 
is  produced  using  a  premix  based  on  RDX  and  the  plasticiser,  KIO,  eliminating  the  need  to 
load  dry  RDX  into  the  production  mixer.  DOS  has  also  been  shown  to  be  highly  effective  at 
desensitising  RDX  at  levels  as  low  as  3%  and  research  is  underway  to  assess  such  premixes  as 
feedstock  for  twin  screw  extruders  With  more  sensitive  fillers  such  as  CL20  and  EINF 
currently  being  researched  the  premix  route  may  be  an  attractive  option  for  safe  future 
formulation  production  techniques. 
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Compatibility 

As  with  all  other  formulation  ingredients,  plasticisers  must  be  physically  and  chemically 
compatible  with  other  components.  Once  more  MEN42  provides  a  useful  illustration. 
Although  vacuum  stability  tests  highlighted  no  dramatic  compatibility  problems  at  the  early 
stage  of  ASNR-TMP  work,  severe  stabiliser  consumption  and  gassing  problems  were 
observed  during  the  scale  up  of  AN9,  containing  MEN42.  Similar  compositions  containing 
BDNPA/F  or  NG  did  not  suffer  from  these  same  problems.  MEN42  and  other  NENA’s  have 
also  been  found  to  be  violently  chemically  incompatible  with  NTO  and  ammonium 
perchlorate,  thereby  severely  limiting  the  potential  uses  of  these  plasticisers  in  insensitive 
high  explosive  and  reduced  smoke  composite  rocket  propellant  formulations. 

All  plasticisers  must  be  physically  compatible  with  the  polymer  matrix,  otherwise  they  will 
either  separate  out  at  the  mixing  stage  or  suffer  from  severe  migration  problems  in  the  final 
formulation.  Physical  compatibility  problems  can  also  lead  to  unforeseen  safety  problems.  A 
prime  example  of  this  is  the  violent  increase  in  response  observed  when  JA2  propellant  is 
loaded  with  RDX  to  produce  the  JAX  series  of  propellants  RDX  is  slightly  soluble  in 
DEGDN  plasticiser  and  was  found  to  migrate  with  the  plasticiser  to  the  surface  of  the 
propellant  grain  where  it  was  deposited  in  crystalline  form.  A  similar  phenomenon  has  been 
reported  elsewhere 

Migration  and  Loss 

By  their  very  nature  efficient  plasticisers  are  small  molecules,  which  can  easily  migrate  and 
volatilise,  leading  to  a  deterioration  in  formulation  properties.  A  comparative  ageing  study  of 
castable  and  extrudable  PBXs  based  on  HMX  and  polyNIMMO  showed  that  the  BDNPA/F 
plasticised  systems  lost  relatively  little  plasticiser  even  after  one  years  ageing  at  60  °C.  The 
KIO  plasticised  system  lost  significantly  more  than  the  BDNPA/F  system  and  the  MEN42 
analogue  lost  even  more,  with  a  mass  loss  of  approximately  8%,  expressed  as  a  percentage  of 
the  total  explosive  mass  for  totally  unconfined  samples.  Confining  samples  to  simulate  the 
effect  of  explosive  enclosed  in  a  sealed  warhead  significantly  reduces  plasticiser  mass  loss  but 
the  mass  loss  of  confined  samples  of  KIO  and  MEN42  PBXs  is  still  greater  than  that  of  the 
unconfined  BDNPA/F  PBX  samples.  In  an  assessment  of  CPX200,  an  underwater  explosive 
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with  a  KIO  plasticised  Diorez  binder,  the  loss  on  ageing  was  considered  to  be  acceptable, 
provided  the  explosive  was  contained  in  a  sealed  warhead.  Plasticisers  such  as  MEN42  may 
thus  find  applications  in  explosives,  but  their  tendency  to  migrate  may  rule  them  out  from  use 
in  rocket  and  gun  propellants,  where  the  final  applications  involve  significantly  less 
confinement  or  expose  a  large  surface  area.  Thus,  once  more,  the  end  application  has  a 
significant  effect  on  the  choice  of  the  plasticiser. 

Modelling  and  the  Design  of  New  Plasticisers 

The  lack  of  a  plasticiser  which  is  capable  of  fulfilling  all  of  our  requirements  in  all 
applications  has  prompted  the  UK  to  imdertake  more  comprehensive  studies  aimed  at 
understanding  the  plasticisation  process  using  both  detailed  experimental  techniques'*  and 
modelling  This  approach  is  aimed  both  at  making  the  best  use  of  existing  available 
plasticisers  and  developing  the  ability  to  synthesise  new  molecules  to  perform  the  role. 
Modelling  has  already  been  used  to  explain  differences  between  the  plasticisation  ability  of 
BDNPA/F  and  the  NENAs“.  Simple  theory  and  prediction  of  Tg  lowering  using  the  Fox 
Equation,  suggests  that  BDNPA/F  and  Ethyl  NENA  should  have  similar  plasticisation  effects 
on  polyNIMMO,  whereas  from  experiment  we  know  that  Ethyl  NENA  and  other  members  of 
the  NENA  family  are  much  better  plasticisers  in  the  classical  sense  than  BDNPA/F.  The  use 
of  the  Fox  equation  predicts  similar  Tg’s  to  those  observed  for  the  NENAs  whereas  the 
observed  Tg  for  BDNPA/F  plasticised  polyNIMMO  is  much  higher  than  predicted.  Molecular 
modelling  targeted  at  investigating  plasticiser  /  polymer  interactions  has  indicated  that 
BDNPA/F  molecules  are  capable  of  forming  temporary  “crosslinks”  between  polyNIMMO 
chains  whereas  the  NENA’s  do  not.  This  potentially  explains  the  low  migration  rate  for 
BDNPA/F  as  well  as  it’s  poor  plasticisation  ability  to  lower  Tg  and  viscosity. 

More  detailed  modelling  studies  are  now  underway,  using  a  range  of  modelling  packages 
commonly  used  in  the  more  conventional  polymer  field.  In  particular  this  effort  is  being 
aimed  at  predicting  the  type  and  geometry  of  oligomers,  based  on  NIMMO  and  GLYN,  that 
will  best  plasticise  polyNIMMO  and  polyGLYN  formulations.  This  approach,  allied  to 
practical  plasticisation  research  and  synthesis  studies  should  produce  plasticisers  which 
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provide  the  best  combination  of  plasticisation  ability  with  the  minimum  of  migration,  physical 
and  chemical  compatibility  problems. 

Discussion 

As  has  been  shown,  choosing  a  plasticiser  is  more  than  just  a  question  of  choosing  the  one 
that  is  most  effective  at  lowering  viscosity  and  glass  transition  temperature.  Other  factors  need 
to  be  taken  into  consideration.  A  comparison  between  BDNPA/F  and  MEN42  highlights  the 
difficulties  facing  the  formulator.  Although  MEN42  is  very  effective  at  lowering  Tg  and 
viscosity  and  it’s  energy  is  greater  than  BDNPA/F,  migration  and  compatibility  problems 
make  it’s  use  impractical  for  certain  applications.  Conversely,  although  BDNPA/F  is  a  poor 
plasticiser  in  the  classical  sense,  it  has  very  good  characteristics  in  other  respects.  Finally  cost 
and  availability  need  to  be  taken  into  consideration.  At  one  time  the  continued  availability  of 
both  BDNPA/F  and  the  NENA’s  was  in  doubt.  Now  it  is  likely  that  there  will  be  future 
supplies  of  both.  However,  KIO  has  continued  to  be  available  from  UK  sources  and  although 
not  the  ideal  plasticiser,  it  is  very  stable,  any  the  problems  associated  with  its  use  are  familiar 
and  acceptable  and  the  UK  formulator  has  continued  to  use  it,  particularly  for  explosives. 
Experience  in  its  use  and  confidence  in  availability  have  had  a  role  to  play  in  plasticiser 
choice  in  this  case. 

It  must  be  considered  that  it  is  highly  unlikely  that  one  plasticiser  can  fulfil  all  the  desired 
roles  for  all  applications,  however  desirable  this  might  be  from  a  technical  and  commercial 
point  of  view.  It  is  therefore  unlikely  that  plasticiser  costs  can  be  significantly  reduced 
through  bulk  use.  The  formulator  will  continue  to  select  the  best  choice  for  him  based  on  his 
own  requirements  and  application.  To  choose  the  ideal  plasticiser,  rather  than  just  the  one 
with  the  least  problems,  he  needs  to  fully  understand  what  those  requirements  are  and  how 
plasticisers  interact  with  the  rest  of  the  formulation.  Modelling  provides  a  useful  tool  in  the 
latter  case  and,  perhaps,  in  future  it  will  allow  the  synthetic  chemist  to  produce  not  just  a  new 
binder  but  an  ideal  binder  /  plasticiser  combination.  At  the  moment  it  is  helping  him  design 
better  oligomeric  plasticisers  for  existing  binders,  such  as  polyNIMMO  and  polyGLYN. 
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ABSTRACT 

SNPE  is  involved  in  the  development  of  energetic  materials  (space  boosters  propellants, 
rocket  and  gun  propellants,  high  explosives).  The  operational  trends  for  future  applications 
are : 

-  to  improve  performances 

-  to  satisfy  insensitive  munitions  requirements 

-  to  comply  with  environmental  aspects 

-  and  to  reduce  costs. 

In  order  to  develop  new  energetic  materials  with  characteristics  fitting  with  these  above 
mentioned  requirements,  SNPE  carries  out  works  in  the  field  of  new  molecules.  The  most 
important  effort  concerns  azidopolymers  as  GAP  and  derivatives,  and  new  oxidisers  as  ADN 
andHNIW. 

For  oxidisers,  the  main  goal  is  the  adjustment  of  products  quality  (chemical  and 
polymorphous  purity,  particle  size,  morphology)  by  using  different  crystallization  or  grinding 
techniques. 

For  energetic  polymers,  the  aim  is  to  increase  weight  in  order  to  improve  mechanical 
properties  of  energetic  materials  : 

The  attractive  characteristics  of  energetic  materials  using  these  new  raw  materials  are 
presented  : 

-  profit  in  the  ratio  performance/safety  behaviour  on  propellants  and  high  explosives 

-  mechanical  and  ballistic  properties  satisfying  operational  applications. 

1  -  Introduction 


The  operational  trends  for  future  applications  of  energetic  materials  are  : 

-  to  improve  performances 

-  to  satisfy  insensitive  munitions  requirements 

-  to  comply  with  environmental  aspects 

-  and  to  reduce  costs. 

These  today  requirements  •  oriented  the  research  of  new  molecules  and  new  energetic 
materials  which  needed  an  ongoing  effort  in  chemical  synthesis  and  high  energetic 
materials  processing. 
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Besides  usual  components  like  nitro-cellulose,  nitro-glycerine,  solid  oxidisers  like 
ammonium  perchlorate,  RDX  or  HMX,  a  new  generation  of  molecules  appeared  these  last 
fifteen  years.  It  covers  large  fields  of  chemistry  firom  nitration,  azidation  and  more 
particularly  azide  chemistry,  heterocyclic  chemistey  (essentially  nitrogen),  organometallic 
and  polymer  chemistry. 

The  main  products  developed  at  SNPE  are  related  both  to  new  oxidisers,  binders, 
plasticisers  and  additives  (table  1).  Each  of  them  allows  to  aim  one  performance  at  least 
above  mentioned,  when  used  in  energetic  materials.  Some  applications  are  specific  to  a 
family  but  a  common  use  is  generally  tried  to  obtain.  Most  of  them  are  synthesized  either  at 
industrial  scale  or  at  industrial  pilot  scale. 

The  first  results  of  the  synthesis  works  carried  out  at  SNPE  have  been  already  described  in 
a  previous  paper  (1).  We  present  here  the  most  recent  progress  reports  in  the  field  of  new 
energetic  molecules  with  some  examples  concerning  oxidisers  as  HNIW  (CL20)  and  ADN 
or  azidopolymers  as  GAP  and  derivatives. 

Their  synthesis  including  crystallization  of  solid  oxidisers  and  their  uses  on  propellants  and 
high  explosives  are  the  main  topics  developed  hereafter. 
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2  -  New  energetic  oiddisers 


2.1.  -  HNIW  fCL20) 

The  hexaaza  hexanitro  isowurtzitane  or  HNTW,  more  commonly  called  CL20,  belongs 
to  the  family  of  high  energetic  dense  caged  nitramines.  There  are  about  fifty  years 
between  the  discoveries  of  HMX  and  CL20,  this  last  molecule  being  synthesized  for  the 
first  time  by  Amie  NIELSEN  in  1987  (2) 


NO, 

I  ^ 

OjN— N  N— NO2 

NO, 


HMX 


The  first  synthesis  of  CL20  at  SNPE  was  made  at  SNPE  Research  Center  in  1989. 
Before  this  date,  the  research  had  been  mainly  focused  on  analogs  of  HMX, 
incorporating  and  developing  the  chemistry  of  the  elementary  firagment 
-(-N(N02)-CHj-)-,  expecting  that  new  combinations  would  lead  to  more  energetic 
and  denser  compounds.  Sorguyl  (3),  bicyclo  HMX  (4)  and  tetranitro-bicyclo-nonanone 
or  K56  (5)  are  some  examples  of  high  energetic  dense  nitraza  polycycles  synthesized 
during  this  period. 


Sorguyl 


Bicyclo  HMX 


K56 


The  characteristics  of  these  molecules  (table  2)  show  that  only  CL20  is  superior  to 
HMX  both  with  respect  to  density,  enthalpy  of  formation  and  as  oxidiser. 
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Molecule 

HMX 

Bicyclo 

HMX 

SORGUYL 

K56 

CL20 

Formula 

C4H8N8O8 

C4H6N8O8 

C4H2N8O8 

C5H6N8O9 

CgHeNnOn 

Molecular  weight 
(g/mole) 

296 

294 

322 

322 

438 

Polymorph 

P 

yap  8 

Density 

1.91 

1.87 

2.035 

1.975 

1.92  1.97  1.99  2.04 

Enthalpy  of 
formation  (kJ/mole) 

+  84 

+  125 

-292 

- 144 

+  339  +372 

Oxygen  balance 
(%  O2/CO,  H2O) 

0 

+  5 

+  25 

+  5 

+  11 

Table  2  :  characteristics  of  polycyclic  and  caged  nitramines 


On  the  synthesis  aspect,  the  hexabenzyl  hexaaza  isowiutzitane  or  HBIW  was  the  first 
derivative  of  the  caged  hexaaza  isowurtzitane  which  was  described  (6)  and  the  only 
compound  of  this  family  which  is  obtainable  fi-om  condensation  of  an  amine  with 
glyoxal. 

More  recently  the  conversion  of  HBIW  in  partly  acylated  derivatives  (7-8)  or  a  mixed 
acetyl-formyl  derivative  (9)  was  described.  To  obtain  CL20  two  routes  are  available  : 
the  nitration  of  a  silylated  derivative  (10)  or  the  original  route  proposed  by 
Amie  Nielson  :  the  nitrosation  followed  by  a  nitration  of  the  tetraacetyl  dibenzyl 
hexaaza  isowurtzitane  with  NOBF4/NO2BF4  (11). 

The  SNPE  process  also  uses  HBIW  as  initial  precursor,  followed  by  its  conversion  and 
nitration  to  CL20. 

Nowadays  at  SNPE  CL20  is  produced  at  the  industrial  pilot  scale  :  50  -  100  kg  by  batch, 
the  first  steps  being  synthesized  by  batches  of  around  150  kg. 


HBIW 


HNTW  -  CL20 
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Synthesis  is  only  one  step  in  the  preparation  of  chemical  products.  A  second  step  is 
often  necessary  to  adapt  the  quality  of  the  products  to  the  required  specifications  :  it  is 
the  purification  step.  In  the  case  of  solids,  crystallization  is  a  well  known  technique  to 
purify  a  component :  it  can  eliminate  by-products,  obtain  the  right  polymorph,  access  to 
the  right  particle  size  distribution  and  adapt  the  morphology  of  the  crystals  (shape, 
porosity,  internal  defects)  which  are  influential  factors  in  the  vulnerability  of  energetic 
materials. 

CL20  crystallization  studies  allowed  us  to  access  to  4  polymorphs  of  CL20 
characterized  by  IRFT  (fig  1)  and  X  rays  (12).  Our  IRFT  traces  are  analog  of 
characteristic  vibrations  described  by  M.  Frances  FOLTZ  (13). 

CL20  crystallization  studies  also  aim  at  the  preparation  of  the  s  polymorph  with 
different  particle  size,  up  to  more  than  100  pm.  The  formation  of  one  of  the  4 
polymorphs  is  influenced  by  thermodynamic  phenomena  (the  least  soluble  pol)fmotph  is 
the  most  thermodynamically  stable)  and  kinetic  laws  (more  soluble  polymorphs  appear 
because  of  their  higher  growth  rate). 

In  a  general  manner  to  crystallize  a  component  out  of  its  solution,  the  equilibrium 
concentration  must  be  exceeded  by  some  supersaturation  method  :  cooling,  evaporating, 
precipitation... 

In  order  to  forecast  the  influence  of  the  parameter  on  crystallization,  it  is  essential  to 
know  the  saturation  curve  and  the  metastability  zone,  where  the  component  solubility  is 
higher  than  the  saturation  value.  ' 


CM-i 

Fie  1 :  TRFT  traces  of  CXi20  polymorphs  between  700  and  1200  cm"'. 

1%  dispersion  in  KBr. 


Then  you  know  the  conditions  to  obtain  the  right  quality  for  the  product,  which  depends 
on  the  nucleation  rate,  the  growth  rate,  and  all  other  phenomena  such  as  agglomerating. 
The  higher  the  supersaturation  is,  the  smaller  will  be  the  particle  size.  Generally  it  is 
preferred  to  avoid  primary  nucleation,  that  is  a  hazardous  phenomenon,  and  to  seed 
batch  crystallizers  so  as  to  master  the  nucleation  and  the  crystal  growth. 

The  formation  of  8  CL20  is  possible  by  the  classical  supersaturation  methods,  when 
seeding  with  s  particles  (fig.  2-5)  : 

-  cooling  a  solution  in  which  the  solubility  increases  with  increasing  temperature.  The 
particle  size  may  be  adjusted  between  50  and  100  pm,  depending  on  the  seed  size, 

-  adding  a  less  efficient  solvent  that  is  miscible  with  the  original  solvent  :  the  particle 
size  may  be  adjusted  from  10  to  150  pm,  depending  on  the  adding  speed, 

-  evaporating  the  solvent  from  a  solution  of  CL20  in  a  mixture  of  solvent  /  non  solvent : 
this  systems  allow  to  obtain  high  or  low  particle  size  diameter  depending  on  the  type 
and  particle  size  of  the  seeds,  on  the  evaporating  rate,  and  of  course  on  the 
supersaturation. 

The  smallest  particle  size  (10  pm)  may  be  obtained  with  ground  s  CL20  seeds. 

A  large  range  of  particle  size  (20  to  150  pm)  can  be  obtained  with  crystallized  seeds 
(from  10  to  100  pm),  which  are  more  efficient  for  preparing  large  particles  because  of 
their  narrow  distribution  (no  tiny  crystals  able  to  act  as  crystallization  centres). 

The  influence  of  supersaturation  is  clear  with  crystallized  seeds  :  the  higher  it  becomes, 
the  smaller  the  CL20  particles  are,  all  the  more  than  the  concentration  rate  is  high. 


Fis.  2  :  8  CXi20  dso  >  100  pm 


Fis.  4  :  8  CL20  dso  20-  50  pm 


I 


Fie.  3  :  particle  size  distribution 
of  8  CL20  dso  >  100  pm 


Fie.  5  :  particle  size  distribution 
of  8  CL20  dso  =  20-50  pm 
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Some  polymorphous  impurities  may  appear  depending  either  on  temperature  (y  CL20 
has  been  detected  when  the  concentration  happens  above  70°C,  probably  due  to  the 
transition  a  ->  y),  either  on  water  content  of  the  solution  (a  CL20  crystallizes  with  0.5 
mole  of  water). 

A  great  number  of  solvents  have  been  investigated  using  the  concentration  process  : 
cetones,  esters,  aromatic  solvents  are  the  best  for  mastering  the  s  polymorph  formation 
and  the  particle  size  between  10  and  150  pm.  The  formation  of  larger  particles  has  still 
to  be  studied. 

CL20  crystallization  studies  have  already  contributed  to  the  improvement  of  its 
pyrotechnic  behaviour.  Nevertheless  it  is  still  as  sensitive  as  the  most  sensitive  grades  of 
HMX.  That's  why  today's  studies  are  also  largely  focused  on  the  understanding  of 
morphological  aspects  of  crystals  (shape,  internal  defects)  in  relation  to  chemical  purity, 
polymorphous  purity  and  crystallization  systems  to  be  used  which  are  the  main 
parameters  influencing  the  sensitivity  of  energetic  solid  oxidisers. 

2.2. -ADN 

The  research  of  energetic  molecules  which  are  able  to  deliver  during  the  combustion 
large  amount  of  gas  by  mass  unit,  led  to  structures  where  the  ratio  H/C  is  as  high  as 
possible. 

Some  compoimds  are  in  accordance  with  this  criteria. 

•Hydrazinium  nitroformate  (HNF)  :  this  route  is  studied  by  APP  and  TNO  in  The 
Netherlands  (14), 

•the  dinitramide  salts  with  ammonium  dinitramide  (ADN),  with  parallel  development  in 
Russia  (15),  United  States  (16)  and  more  recently  in  Sweden  (17) 

H2N-NH3® ,®  C(N02)3  NH,  ®  ® 

^  '^N02 


ADN  is  a  dense,  non  chlorine  containing,  powerful,  oxidiser  and  is  an  interesting 
candidate  for  replacing  AP  as  an  oxidiser  for  composite  propellants. 

The  compared  characteristics  of  ADN  (tables  3  and  4)  show  that  ADN  is  a  non  carbon 
compound,  as  dense  as  RDX,  with  a  very  positive  oxygen  balance  and  an  enthalpy  of 
formation  largely  superior  to  those  of  ammonium  nitrate  and  ammonium  perchlorate. 

The  present  results  about  its  pyrotechnic  behaviour  show  that  ADN  is  less  sensitive  to 
impact  than  RDX  and  HMX.  It  is  not  sensitive  to  friction  and  electrostatic  spark. 
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Molecule 

RDX 

HMX 

AP 

AN 

ADN 

HNF 

Formula 

CzHsNsOs 

C4H8N8O8 

CIH4NO4 

H4NZO3 

H4N4O4 

CH5N7O6 

Molecular  weight 
(g/mole) 

222 

296 

117.5 

80 

124 

183 

Melting  point  (°C) 

204  d. 

280  d. 

d. 

170 

94 

115-120 

Density 

1.805 

1.91 

1.95 

1.72 

1.81 

1.86 

Enthalpy  of 
formation  (kJ/mole) 

+  70 

+  84 

-296 

-365 

- 150 

-72 

Oxygen  balance 
(%  Oz/COz.  HzO) 

-21.6 

-21.6 

+  34 

+  20.5 

+  25.8 

+  13.1 

Table  3  :  compared  characteristics  of  some  energetic  oxidisers 


Molecule 

RDX "CH" 
0-100 

HMX 

0-100 

AP  "F" 

ADN 

HNF 

Impact  (J) 

3.5 

4.2 

13.7 

3.7 

1.6 

BAM  Julius  Peters 

Friction  (N) 

193 

113 

30  %  at  353  N 

11  +/30at353 

29 

BAM  Julius  Peters 

N 

ESD  (mJ) 

180  to  >726 

225  to  >  726 

>726 

>726 

>:726 

Table  4  :  compared  sensitivity  of  some  energetic  oxidisers 
The  synthesis  route  performed  at  SNPE,  uses  the  following  chemical  scheme. 


Hydrolysis  ®  ]^® 

OzN^ 

OzN' 


UzN 


or 


NOz 


R. 


'■KT  ©KTTJ  ® 


Oz^K 


N-R 


OzN 


R  =  hydrolysable  group 

M®  =  metallic  or  ammonium  ion 
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This  route  needs  the  use  of  a  new  nitrating  agent  N2O5.  Because  of  the  difficulties  to 
handle  and  store  N2O5,  we  quickly  developed  a  continuous  process  including  the 
preparation  of  N2O5  (by  ozonolysis  of  N2O4)  which  gave  very  good  results  at  lab  scale 
and  we  are  undertaking  its  scaling  up  on  a  pilot  equipment  (several  hundred  grams  per 
hour). 

About  the  morphological  aspect,  no  polymorph  of  ADN  has  been  reported.  On  the  other 
hand,  it  naturally  crystallizes  in  needles  so  that  crystallization  techniques  must  be 
adjusted  to  avoid  this  phenomenon.  At  last  some  works  are  also  ongoing  to  improve  its 
chemical  stability. 

3  -  Energetic  binders  and  plasticisers  :  GAP  and  derivatives 

The  chemistry  of  functional  energetic  prepolymers  (mainly  hydroxy  terminated)  had  made 
large  progress  these  last  fifteen  years.  The  substitution  of  inert  prepolymers  by  energetic 
prepolymers  played  either  for  the  increase  of  energetic  performances  either  for  a  better 
compromise  energetic  performances  -  vulnerability  of  the  energetic  materials. 

Among  the  different  energetic  prepolymers  developed  in  the  world,  SNPE  has  chosen  to 
manufacture  azide  prepolymers  and  plasticizers  issued  from  GAP. 

Since  GAP  is  classified  1.3,  it  does  not  increase  the  detonability  of  the  materials.  GAP  is 
compatible  with  GAP  based  plasticisers  as  well  as  nitrato  esters  like  BTTN  and  TMETN 
which  are  less  sensitive  than  NG. 
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PRODUCT 

GAP  Diol 

GAP  Triol 

GAPA 

R-ffO-CHz-CH — \Oh1 
CH2N3  -I2 

"{'“'""■IS?”]. 

NjCHjCHzf-O-CHj-CH^Nj 

CH2N3 

X  ~  10 

x>3 

x>  6 

AHf(cal/g) 

R :  diol  aliphatic 
residue 
+  280 

R ;  diol  aliphatic 
residue 
+  280 

+  550 

Density 

1.29 

1.29 

1.27 

Appearance 

light  yellow  liquid 

light  yellow  liquid 

light  yellow  liquid 

GPC  (PPG  standard) 

Mn 

1700  +  300 

>900 

700  -  900 

Mp 

2000  +  300 

>1000 

800-1000 

I 

<  1.3 

<1.3 

<  1.3 

Eq.  weight 

1200  +  200 

>400 

>  15000 

Vacuum  test 

^3 

<3 

^3 

100  °C  -  200  h  (cmVg) 

Tg(“C) 

-45 

-45 

-69 

Table  5  :  characteristics  of  azide  prepolymers  and  plasticisers 


Fis.  6  :  GPC  (light  scattering)  of  GAP  prepolymers 
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Different  qualities  have  been  developed  (table  5  and  fig.  6)  ;  standard  GAP  diol 
(Mn  ~  1700),  long  chain  GAP  triol  (Mn  >  2000)  or  short  chain  GAP  triol  (Mn  ~  1000)  and 
azide  plasticizers  issued  from  GAP  :  GAP  azide  (GAP A). 

In  1990,  SNPE  got  a  license  from  ROCKETDYNE  to  manufacture  and  sell  GAP  and  GAP 
derivatives  in  Europe.  More  than  3  tons  of  GAP  and  GAP  derivatives  have  been  produced 
in  a  pilot  plant  located  in  SNPE  SORGUES  facility  near  AVIGNON. 

A  new  simpler  process  for  standard  GAP  diol  is  studied  at  pilot  scale  at  the  CRB  and  will 
be  transferred  in  a  near  future  in  SORGUES  pilot  plant.  This  process  will  allow  at  least  to 
double  the  yearly  capacity  of  GAP  synthesis  and  to  decrease  its  cost  perceptibly. 

The  present  trends  of  works  concern  the  research  of  new  qualities  of  GAP  essentially  high 
molecular  weight  to  improve  again  properties  of  energetic  materials. 

Some  success  has  been  already  registered  at  lab  scale  from  direct  polymerisation  of 
epichlorhydrin  by  adapting  the  ratios  of  reactants  and  catalyst  systems,  followed  by 
azidation  of  the  high  molecular  weight  PECH. 

3  -  Rocket  propellants 

New  energetic  ingredients  as  GAP,  CL20  or  ADN  are  very  attractive  to  achieve  high 
performance  propellants  (18, 19,20,21, 22). 

SNPE  has  now  a  few  years  experience  in  the  use  of  GAP  and  CL20  in  the  field  of  rocket 
propellants. 

This  experience  is  presented  hereafter  on  minimum  smoke  propellants  in  comparison  with  a 
current  XLDB  propellant. 

3.1  -  Energetic  performances 

The  use  of  GAP  binder  in  place  of  a  polyglycol  adipate  (PGA)  binder  increases  the 
specific  and  volumic  impulse  of  the  propellant  in  relation  with  the  higher  enthalpy  of 
formation  and  density  of  GAP. 

CL20  brings  additional  effect  on  density  and  specific  impulse. 

So,  in  comparison  with  the  current  XLDB  propellant  (table  n°  6),  the  increase  of 
volumic  impulse  is  higher  11%.  This  value  can  be  compared  with  the  volumic  impulse 
of  current  reduced  smoke  propellant,  GAP/CL20  propellant  gives  a  benefit  of  7  %,  plus 
low  signature  and  low  toxicity  (no  HCL). 


COMPOSITION 

binder 

PGA/TMETN/BTTN 

GAP/TMETN/BTTN 

GAP/TMETN/BTTN 

filler 

RDX  -  63  % 

RDX  -  60  % 

CL20  -  60  % 

ballistic 

additives 

4% 

4% 

4% 

Theoritical  specific  impulse  (s) 

238,5 

242 

251 

Volumic  impulse  (s.g.  cm-3) 

405 

411 

452 

Table  n°  6  :  calculated  performances  of  GAP  based  propellants 
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3.2.  -  Faisabilitv : 


Convenient  pot-life  to  fill  rocket  motors  are  obtained  with  the  different  propellants  : 


COMPOSraON 

PGA/RDX 

GAP/RDX 

GAP/CL20 

POT  LIFE  (h) 

>  12 

>12 

>  12 

3.3.  -  Mechanical  properties 


Mechanical  properties  satisfying  requirements  of  rocket  motor  designers  are  achieved  by 
current  GAP/RDX  propellants  (table  7). 


Unixial  traction 

Stress 

Modulus 

(MPa) 

(%) 

+  20°C 

50 

0,64 

2,6 

47 

500 

7,2 

114 

29 

Table  7  :  mechanical  properties  of  GAP/RDX  propellants 

CL20  gives  a  similar  behaviour  than  RDX  in  GAP  binder  propellants 

For  the  same  filler  content  (in  weight),  in  comparison  with  RDX,  the  higher  density  of 
CL20  induces  an  higher  binder  volumic  content.  It  is  obvious  that  this  microstructural 
charge  can  only  improve  the  mechanical  behaviour. 


3.4.  -  Ballistic  properties. 

A  particularity  of  GAP,  as  raw  material,  is  its  fast  burning  rate  by  itself  when  ignited. 
This  characteristic  is  again  met  in  propellant.  The  following  tables  (Tables  n°8  and  n°9) 
exhibit  a  burning  rate  increase  of  near  by  20  %  at  15  MPa,  in  comparison  with  PGA 
binder  propellants. 


Comp 

Binder 

Dsition 

Filler  (60  %) 

Burning  n 
7  MPa 

ite  (mm/s) 

15  MPa 

PGA 

HMX 

6 

11 

0,89 

PGA 

CL20 

11,5 

23 

0,92 

GAP 

HMX 

7,2 

13,6 

0,91 

GAP 

CL20 

13,4 

27,2 

0,94 

Table  N°  8  :  burning  rate  of  uncatalysed  compositions. 


Comp 

Binder 

osition 

Filler  (60  %) 

Bu 

7  MPa 

ming  rate  (m 
15  MPa 

m/s) 

20  MPa 

Exponent 
fPressure  range] 

PGA 

RDX 

10,6 

15,6 

19 

GAP 

RDX 

14,6 

18,9 

21,4 

0,37  (4  -  20  MPa] 

GAP 

CL20 

20 

28,3 

32,4 

0,48  (5  -  25  MPa] 

Table  N°  9  :  burning  rate  of  catalysed  compositions. 
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CL20  is  now  known  to  lead  to  a  strong  effect  of  the  burning  rate  when  used  as  oxidiser 
in  propellant. 

Basic  compositions  without  additives  exhibit  a  burning  rate  enhancement  of  more  or 
less  twice  in  comparison  with  HMX  filled  compositions.  The  pressure  exponents  of 
these  basic  compositions  are  too  high  for  any  application.  Fortunately  burning  rate 
modifiers  have  been  find  to  be  very  effective  at  low  pressure.  They  lead  to  higher 
burning  rate  at  the  lower  pressures,  and  so,  a  quite  useable  pressure  exponent  is 
achieved  within  a  large  pressure  range  (pressure  exponent  =  0,48  -  5/25  MPa). 

Use  of  new  ingredients  as  GAP  and  CL20  give  additional  effects  on  burning  of 
propellants.  In  comparison  with  current  PGA/RDX  propellant,  the  burning  rate  is 
increased  by  1 ,5  -  2  in  a  large  pressure  range.  In  regard  with  the  pressure  exponent,  the 
useable  pressure  range  is  also  significatively  improved. 

3.5  -  Safety  behaviour 


The  handling  of  new  raw  materials  needs  always  specific  caution.  It  is  also  true  with 
neat  GAP  and  furthermore  neat  CL20.  But  on  this  peculiar  point,  it  is  noticeable  that  the 
safety  behaviour  becomes  quite  acceptable  for  SNPE  propellant  process  when  a 
convenient  binder  (as  GAP  binder)  wraps  the  fillers  -  The  safety  results  obtained  on 
slurry  as  on  propellant  (Tables  n°10  and  11)  show  a  behaviour  included  in  the  range  of 
results  obtained  with  current  XLDB  and  NEPE  propellants,  with  perhaps  the  exception 
of  burning  rate.  SNPE  has  experience  firom  lab  scale  to  420  Gallon  mixes  for  these 
reference  propellants. 


CL20  Propellant 
(GAP  binder  -  60  %  CL20) 

Current  XLDB  and  NEPE 
propellants 

Bam  fiiction  (N) 

73  to  161 

70  to  0  %  353  N 

Electric  spark  (mJ) 

>726 

>726 

>4 

>4 

10.8 

2  to  20 

178  to  181 

165  to  185 

Table  N°  10  :  safety  results  for  CL20  propellants  (slurry) 


CL20  Propellant 
(GAP  binder  -  60  %  CL20) 

Bam  fiiction  (N) 

56  to  851 

70  to  0  %  353  N 

Electric  spark  (ml) 

>726 

>726 

Burning  rate  at  atm.pressure 
(mm/s) 

0.9  to  6.4 

<  1  to  3.5 

Self  ignition  (°C) 

173 

165  to  185 

Table  N°  11 :  safety  results  for  cured  CL20  propellants 
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4  -  High  explosives. 


CL20  is  also  very  attractive  in  high  explosives  (23)  in  comparison  with  HMX  filled  high 
explosives,  it  brings  to  similar  results  to  Card  Gap  Test  (150-160°C),  but  to  higher 
density  and  detonation  rate. 

An  enhancement  of  measured  performances  of  more  than  12  to  15  %,  depending  on 
volumic  filler  content,  has  been  achieved  with  HTPB  binder  high  explosives. 


HMX 

CL20 

HMX 

CL20 

Volumic  filler  content 

66,8 

66,8 

72,1 

72,1 

Density 

1,575 

1,648 

1,618 

1,710 

D(mys) 

8030 

8325 

8107 

8470 

pD^/4  (GPa) 

25,4 

28,6 

26,6 

30,7 

A  CL20/HMX  (%) 

+  12,5 

+  15,4 

Table  N°12  :  performances  of  HMX  and  CL20  filled  high  explosives 


5  -  Conclusions. 


SNPE  is  developing  different  families  of  new  molecules  (fillers,  binders,  plasticizers 
and  various  additives)  which  meet  the  requirements  of  new  energetic  materials  for 
future  application. 

Basing  its  research  on  modem  tools,  it  has  been  possible  to  focus  on  realistic  axes  of 
research  and  development.  The  ongoing  effort  undertaken  during  the  last  years  on 
synthesis  and  techniques  of  treatment  of  solids  and  liquids  allowed  us  to  make  large 
progress.  Thus,  some  molecules  are  already  available  at  industrial  scale  or  industrial 
pilot  scale  (CL20,  Standard  GAP)  while  others  are  tested  at  lab  or  pilot  scale  at  the 
Research  Center  (ADN,  others  GAP,  azide  plasticizers). 

New  energetic  ingredients,  as  GAP  or  CL20  bring  high  performance  to  rocket 
propellants  and  high  explosives. 

GAP  improves  energetic  performances  and  burning  rate  of  propellants.  This 
enhancement  is  very  useful,  peculiarly  when  low  sensitivity  but  low  energy  ingredients 
have  to  be  incorporate  in  the  formulation,  i.e.  to  satisfy  I.M.  requirements  (24).  GAP 
binder  propellants  achieve  mechanical  properties  satisfying  requirements  of  rocket 
motor  designers. 

An  attractive  profit  in  the  ratio  performances/safety  behavior  has  been  shown  on 
propellants  and  high  explosives  using  new  energetic  ingredients.  In  comparison  with 
current  HMX  or  RDX  filled  propellants  or  explosives  : 

•  the  safety  behavior  of  CL20  filled  compositions  appears  roughly  similar, 

•  even  though  the  enhancement  of  performance  is  very  significant,  with  an  increase  of 
more  than  10  %  on  volumic  impulse  for  rocket  propellants  and  on  detonation 
pressure  for  high  explosives. 
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Today  GAP/CL20  propellants  exhibit  high  burning  rate  and  acceptable  pressure 
exponent  in  a  large  pressure  range. 

In  the  future  the  main  axes  of  work  will  concern  the  improvement  of  morphology  of 
energetic  oxidisers  (CL20,  ADN),  the  development  of  high  molecular  weight  energetic 
prepolymers  (Mn  >  30  000),  the  synthesis  of  new  molecules  mainly  in  the  field  of 
oxidisers  with  an  objective  of  high  performances  coupled  with  a  power  sensitivity.  In 
this  last  field,  the  present  research  on  high  nitrogen  and  oxygen  heterocyclic  compounds 
could  be  considered  as  an  answer. 

Future  efforts  on  synthesis  and  on  relation  microstructure/properties  will  be  carried  on 
to  improve  again  the  quality  of  raw  materials  and  so,  performances  of  energetic 
materials. 
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Abstract 


The  U.S.  Army  currently  utilizes  a  family  of  high  energy  propellant  and  explosive 
systems  that  range  from  small  high  performance  shaped  charge  submunitions  to  medium 
caliber  kinetic  energy  tank  rounds,  to  larger  diameter  explosively  formed  penetrators. 

The  energetic  formulations  for  these  devices  were  developed  with  the  following  driving 
characteristics:  performance  requirements  of  the  system,  mechanical/ballistic  properties 
of  the  formulations,  system  and  ingredient  cost,  vulnerability,  and  producibility 
/reliability.  Years  of  effort  were  expended  in  developing  the  formulations  and  hardware 
that  now  define  the  state-of-the-art  in  energetic  formulations.  The  full  range  of 
commercially  available  ingredients  were  examined  in  developing  these  formulations  and 
several  new  ingredients  were  pioneered  during  this  effort.  Formulation  capability  was 
pushed  to  the  limit  in  maximizing  the  most  critical  mission  capabilities. 

Into  this  arena  are  now  thrust  the  triple  threat  requirements  of  increased  performance  for 
applications  like  advanced  kinetic  energy  gun  rounds,  future  shaped  charge,  and 
explosively  formed  penetrator  warheads,  of  reduced  or  at  least  acceptable  sensitivity,  and 
of  increased  concerns  for  environmental  factors  spanning  the  life  of  a  system,  particularly 
the  synthesis  of  ingredients.  With  current  technology  stretched  to  the  limit,  approaches  to 
meeting  these  new  requirements  have  quickly  focused  on  a  new  generation  of  high  energy 
ingredients  including  TNAZ  and  CL-20  and  clean  manufacturing  processes  for 
production  of  these  materials  . 

Synthesis  and  Characterization 

In  the  years  since  the  initial  synthesis  of  CL-20,  dramatic  improvements  have  been  made 
on  the  original  elegant  route  of  Nielsen'  (figure  1).  At  Thiokol,  a  parallel  route^'^  (figure 
2)  has  been  developed  that  avoids  the  dinitroso  intermediate  and  leads  to  an  intermediate 
(tetraacetyldiformylhexaazaisowurtzitane,  TADF)  that  can  be  nitrated  in  completely 
standsnd  nitration  equipment.  Further,  this  route  allows  recovery  of  all  benzyl  groups 
used  in  the  synthesis  in  the  form  of  toluene  which  can  be  recycled  as  a  feedstock  for 
benzylamine  synthesis.  This  reduces  the  non-recyclable  waste  stream  by  completely 
eliminating  the  two  moles  of  meta-nitrobenzoic  acid  made  per  mole  of  CL-20  in  the 


'  Copyright  1998  Cordant  Technologies.  All  rights  reserved. 
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original  and  related  routes.  The  total  of  naaterial  produced  using  this  synthetic  strategy 
has  totaled  roughly  12,000  pounds. 

The  crude  product  is  recrystallized  to  afford  a  high  density  polymorph.  The  typical 
particle  size  obtained  is  roughly  150  microns  as  shown  in  Figure  3.  The  crude  epsilon 
polymorph  can  be  ground  to  afford  smaller  particle  sizes  as  needed  for  processing  and 
formulating.  An  exemplary  particle  size  obtained  by  fluid  energy  milling  is  shown  in 
Figure  4. 

Significant  properties  of  CL-20  prepared  by  this  process  have  been  described  previously.*' 
Of  considerable  interest  has  been  the  particle  shape  and  crystal  quality.  Depicted  in 
Figure  5  are  the  range  of  particle  shapes  that  have  been  observed.  While  certain  shapes 
are  generally  preferred,  the  direct  correlation  to  safety  properties  has  been  tenuous 
particularly  when  extended  to  coated  explosive  formulations  where  quality  of  coating 
seems  to  be  most  important.  Also  of  interest  is  the  density  of  average  particles  as 
measured  by  a  flotation  method.  These  data  are  depicted  in  Figure  6  and  show  that  the 
average  density  of  particles  is  extremely  high  compared  to  the  theoretical  (X-ray) 
maximum  density  of  2.044  g/ml.  The  average  density  of  2.035  is  99.5  percent  of  the 
theoretical  and  demonstrates  a  very  small  percentage  of  internal  voids  and  lower  density 
defects.  This  percent  density  compares  favorably  with  HMX  and  RDX. 


BnNH2 

HCOOH 

H2,Ac20,  Pd[OH)2/C 

N  1 

^  k- 

CH3CN 

PhBr  ^ 

AZ 

OCHCHO 

Bn" 

Bn 

Bn 

Figure  1.  Original  Nielsen  Route.  Depicted  here  is  the  original  synthetic  route  to  CL-20 
as  described  by  Nielsen.  This  route  is  elegant  but  used  large  amounts  of  Pd(OH)2/carbon 
and  the  expensive  BF4-based  nitrating  agents. 
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Figure  2.  Hexaacyl  Route  to  CL-20.  Pictured  here  is  the  synthetic  route  to  CL-20 
developed  at  Thiokol.  This  route  differs  from  Nielsen’s  route  in  using  a  second 
hydrogenolysis  rather  than  N2O4  to  remove  the  final  two  benzyl  groups. 


Figure  3.  Particle  size  of  crude  CL-20.  Reproduced  here  is  the  particle  size  distribution 
for  CL-20  as  obtained  from  the  crystallization  process. 


Figures.  Photomicrographs  of  CL-20.  A  variety  of  particle  shapes  have  been  obtained. 
The  particle  shape  on  the  left  is  considered  to  be  superior  but  the  correlation  to  safety 
properties  is  tenuous  at  best. 
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Particle  Density  Distribution 


Figure  6.  Density  Distribution  of  CL-20.  A  measure  of  CL-20  particle  quality  is  shown 
through  the  density  of  particles.  The  very  high  percentage  of  theoretical  density  provides 
an  upper  limit  of  the  quantity  of  defects  in  the  material.  The  density  of  the  CL-20  shown 
above  is  99.5  percent  of  theoretical. 

Explosive  Formulation  and  Characterization 

Several  high  solids  CL-20  explosives  have  been  developed  for  evaluation  which  have 
very  promising  theoretical  performance  values.  The  calculated  performance  of  several 
selected  CL-20  and  two  common  HMX  explosives  is  shown  in  Table  I.  As  shown  by  the 
data  in  Table  I,  the  CL-20  based  explosives  have  considerably  more  energy  than 
analogous  HMX  compositions. 

Table  1.  Calculated  Performance  Comparison  of  CL-20  and  HMX  Based  Explosives 


Composition 

Density 

99%TMD 

(g/cc) 

CJ 

Pressure 

(kbar) 

Detonation 

Velocity 

(km/s) 

Cylinder 

Expansion  Energy 
@VA^0=6.5 
(kJ/cc) 

PAThX-1  (CL-20  based) 

1.944 

413 

9.37 

9.92 

PAThX-2  (CL-20  based) 

1.923 

398 

9.22 

9.64 

PAThX-3  (CL-20  based) 

1.958 

421 

9.50 

10.07 

PAX-2A  (HMX  based) 

1.773 

305 

8.42 

7.86 

LX-14  (HMX  based) 

1.835 

344 

8.80 

8.59 

Processing  studies  performed  using  CL-20  have  demonstrated  that  the  typical  processes 
used  to  manufacture  explosives  containing  RDX  and  HMX  may  also  be  used  for  those 
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containing  CL-20.  This  was  found  to  be  true  for  mix  cast,  melt  cast  and  molding  powder 
explosives.  A  typical  water  slurry  process  used  to  make  CL-20  molding  powders  is 
shown  in  Figure  7. 

As  with  HMX  and  RDX  based  explosives  it  has  been  demonstrated  that  the  quality  of 
coating  is  directly  related  to  the  sensitivity  of  the  molding  powder  granules.  An  example 
of  this  is  shown  in  Figure  8  for  three  different  mixes  of  a  single  explosive  which  were 
purposely  made  using  different  mix  procedures  to  yield  different  granules.  As  shown  in 
Figure  8,  as  the  granules  increased  in  size  and  became  more  highly  polished  their 
sensitivity  to  initiation  via  impact  decreased.  Laboratory  sensitivity  data  for  the  CL-20 
based  formulations  listed  in  Table  I  have  been  obtained  and  are  summarized  in  Table  II 
along  with  safety  data  for  LX- 14,  HMX  and  CL-20.  As  shown  in  Table  II  the  laboratory 
safety  characteristics  of  CL-20  explosives  are  comparable  to  those  of  LX- 14  and  are 
much  better  than  either  HMX  or  CL-20  in  the  uncoated  state. 


Figure  7.  Typical  process  used  to  manufacture  CL-20  based  molding  powders. 
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Figure  8.  Impact  sensitivity  for  three  batches  of  molding  powder  of  a  common 
formulation. 


Table  II.  Safety  Data  For  CL-20  Pressed  Explosives,  LX-14,  HMX  and  CL-20. 


Material 

PATHX-1 

PATHX-2 

PATHX-3 

LX-14 

HMX 

CL-20 

ERL  Impact  (cm) 

35.4 

32.5 

24.6 

30-38 

17-25 

9-11 

ABL  Impact  (cm) 

II 

26 

26 

17 

1.8 

1-3.5 

TC  Impact  (in) 

29.3 

21.5 

19.4 

18.8 

27 

19-36 

BAM  Friction  (kg) 

21.6 

21.6 

NT 

24 

11-17 

11-15 

ABL  Friction  (psi@  ft/sec) 

130@8 

240@8 

240@8 

420@8 

100@4 

110@2 

ESD  (Joules) 

>8 

>8 

>8 

>8 

DOS 

DOS 

DOS;  Depends  on  size  of  nitramine. 


References: 

'  Nielsen,  A.T.,  U.S.  Patent  5,693,794. 

'  Wardle,  R.B.,  Edwards,  W.W.,  U.S.  Patent  5,739,325. 
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Wardle,  R.B.,  Hinshaw,  JC.,  Braithwaite,  P.C.,  Rose,  M.R.,  Johnston,  H.E.,  Jones,  R., 
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SYNTHESIS  AND  USE  OF  CYCLODEXTRIN  NITRATE 

J.  P.  CONSAGA  and  R.  C.  GILL 
Indian  Head  Division 
Naval  Surface  Warfare  Center 
Indian  Head,  MD  20640-5035 

ABSTRACT 

Beta  and  gamma  cyclodextrin  (CD)  have  been  nitrated  with  98  percent  fuming  nitric  acid 
yielding  92-95  percent  cyclodextrin  nitrate  (CDN).  The  cyclodextrin  is  a  non-reducing  sugar, 
which  produces  a  thermally  stable  nitrate  ester.  Based  on  FT-NMR,  the  majority  of  the  product  is 
folly  nitrated,  with  a  small  fraction  only  being  partially  nitrated.  The  beta-CD  has  1 8-19  of  the 
21-hydroxyl  groups  nitrated,  while  the  gamma-CD  has  21  of24  hydroxyl  groups  nitrated.  The 
specific  impulse  of  the  gamma-CDN  is  240  Ib.-sec/lb.  Nitration  process  was  optimized  and  scaled 
up  to  the  100  lb.  level.  The  CDN  was  characterized  for  safety,  for  thermal  stability  and  analyti¬ 
cally.  Cyclodextrin  nitrate  complexes  with  other  nitrate  esters,  such  as  TMETN,  BTTN,  and  NG 
through  the  glycosidic  oxygen  bridges  in  the  cavity  by  dipole-dipole  interactions.  This  complex 
desensitizes  the  nitrate  ester  plasticizers  as  seen  by  a  reduction  in  the  card  of  the  complex  versus 
the  neat  plasticizer.  The  complex  formation  has  been  verified  by  thermogravimetric  analysis, 
where  the  neat  plasticizer  comes  off  approximately  30°C  above  its  boiling  point.  Work  has  been 
on  going  with  various  propellant  systems  during  the  past  three  years. 

BACKGROUND 

Cyclodextrins  are  cyclic,  non-reducing,  torus-shaped  maltooligosaccharides.  They  originate 
from  the  decomposition  of  starch  by  a  bacterial  enzyme  called  cyclodextrin  glycosyltransferase. 
Three  main  types  of  cyclodextrins  are  known:  alpha-form  (6D-glucose  molecules),  beta-form 
(7D-glucose  molecules),  and  gamma-form  (8D  glucose  molecules).  Functional  basis  for  all  appli¬ 
cation  fields  is  the  capability  to  form  inclusion  complexes  due  to  the  hydrophobic  property  of  the 
cavity.  In  principle,  the  following  rule  is  valid;  aliphatic  guest  molecules-alpha  cavity,  small  aro¬ 
matic  guest  molecules-beta  cavity,  large  complex  guest  molecules-gamma  cavity. ' 

NITRATION 

When  work  began  on  the  nitration  of  cyclodextrin  in  1988,  the  beta  compound  was  selected 
because  of  the  significant  difference  in  cost;  alpha-$200/lb.,  beta-$6. 00/lb.  in  production  quanti¬ 
ties,  gamma-$2,000/Ib.  At  first,  the  beta-CD  was  nitrated  with  90  percent  nitric  acid  and  using 
the  CD  as  received.  Only  the  seven  primary  hydroxyls  were  nitrated  under  these  conditions. 

When  the  CD  was  dried  prior  to  nitration  with  the  90  percent  nitric  acid,  the  nitration  level  in¬ 
creased  to  12-14  hydroxyls  out  of  21;  however  when  the  CD  was  dried  and  nitrated  with  98  per¬ 
cent  fuming  nitric  acid,  18-19  out  of  2 1  hydroxyls  were  nitrated.^''  Complete  nitration  of  the  hy¬ 
droxyls  was  achieved  with  P2O5  and  98  percent  turning  nitric  acid  in  methylene  chloride.  Other 
types  of  nitration  were  tried  without  success.  In  order  to  obtain  thermally  stable  material,  the 
CDN  had  to  be  dissolved  in  acetone  and  crash  precipitated  with  water.  The  yields  were  on  the 
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order  of  92-95  percent.  The  nitration  was  scaled  up  from  one  gram  to  8  lb.  batches  in  a  22-liter, 
round  bottom  flask  at  Indian  Head  Division,  Naval  Surface  Warfare  Center  (IHDIVNAVSUKF- 
WARCEN),  while  Thiokol  Corporation  scaled  up  to  50  lb.  batches  in  a  100-gallon  reactor. 
Wacker  Chemie  discovered  a  stereo  specific  procedure  for  the  s)mthesis  of  gamma-CD,  which  has 
lowered  the  cost  in  production  quantities  to  $6-$9/lb.  Since  the  gamma  material  became  available 
at  the  lower  cost,  our  work  has  only  been  with  the  gamma-CD.  The  nitration  procedures  for  the 
gamma  material  are  the  same  as  the  beta-CD.  The  major  reason  for  the  shift  to  the  gamma-CD  is 
the  cavity  size  increases  by  80  percent  and  allows  for  a  complexation  with  larger  molecules  and 
more  of  them,  wWle  the  impulse  increases  from  226  to  240  lb. -sec/lb. 

CHAEtACTERIZATION  OF  CDN 

A  specification  was  developed  as  follows. 

WATER,  %  WT  1  percent  or  less 

NITROGEN,  VoWT  >13  percent 

ACIDITY  AS  %  HNO3  <  0.0 

134.5°C  METHYL  VIOLET,  MIN  >15 

VTS,  100°C/48HRS.,  ML  /GM  2  ML  MAX 

Over  400  lbs.  of  CDN  were  produced  using  the  above  specification  starting  with  the  beta-CD. 
The  CDN  was  characterized  for  safety,  physical,  and  analytical  values.^’’  Using  high  performance 
liquid  chromatography  (HPLC),  with  a  solvent  ratio  of  85/1 5  acrylonitrile/water,  a  very  con¬ 
densed  curve  was  obtained.  Switching  to  75/25  ratio  of  ACN/H2O,  the  HPLC  curve  was  signifi¬ 
cantly  spread  out.  The  nuclear  magnetic  resonance  spectroscopy  (NMR)  curve  for  a  completely 
nitrated  CD  showed  six  main  peaks,  while  the  production  material  revealed  that  the  CDN  was 
mainly  100  percent  nitrated,  with  a  small  portion  of  CD  chains  only  partially  nitrated.  The  prop¬ 
erties  of  the  50  lb.  scale-up  batch  of  gamma-CDN  are  shown  in  Table  1  and  Table  2. 

COMPLEXATION 

When  the  CD  was  first  received,  physical  mixtures  of  the  CD  and  TMETN  were  prepared  in 
ratios  of  1/1  and  '/•.  On  analysis,  the  CD  complexed  in  both  cases  at  the  1/1  ratio.  This  was  de¬ 
termined  by  thermogravimetric  analysis,  as  the  TMETN  came  off  approximately  30°C  higher  than 
its  normal  boiling  point,  134°C.  It  was  also  determined  that  the  complexation  of  CDN  wdth  the 
nitrate  ester  plasticizer  resulted  in  a  lower  safety  sensitivity.*  For  example,  the  TMETN  plasti¬ 
cizer  has  a  card  gap  of  15-20  cards  and  requires  a  #6  blasting  cap  for  the  cap  test.  When  the 
TMETN  is  complexed  with  the  CDN  in  a  2/1  ratio,  the  card  gap  is  reduced  to  zero  cards  and  the 
cap  test  requires  a  #8  blasting  cap.  Similarly,  BTTN’s  card  gap  is  reduced  from  55  to  30  cards, 
when  it  is  complexed  with  the  CDN  in  a  2/1  ratio.  Increasing  the  plasticizer  to  CDN  ratio 
requires  dissolving  CDN  and  nitrate  ester  plasticizer  in  acetone  and  stripping  off  the  solvent  to 
form  the  complex.  If  the  complexing  capability  of  the  CDN  has  been  exceeded,  the  neat  plasti¬ 
cizer  will  be  evident  in  the  TGA.  Usually  the  complexing  capability  is  exceeded  when  a  ratio  of 
4-5/1  plasticizer  to  CDN  ratio  is  obtained.  The  majority  of  our  propellant  work  has  been  done  at 
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ratios  Of  2/1.  If  the  complex  is  not  formed ,  the  TGA  will  only  show  peaks  for  the  individual 
components  rather  than  the  complex  breaking  up  approximately  30°C  lugher  than  the  boiling 
point  of  the  nitrate  ester  plasticizer  plus  the  decomposition  of  the  CDN. 


Table  1.  Properties  of  y-CDN 


TEST  PROPERTIES 

Galbraith  Analysis 

Carbon,  % 

Hydrogen,  % 

Oxygen,  % 

Nitrogen,  % 

#  of  OH’S  Nitrated 

Density,  Gm  /CC 

Molecular  Formula 

Empirical  Formula 

Gram  Formula  Weight 

Heat  of  Formation,  KCAL/GFW 


25.295 

2.595 

58.055 

12.365  (13.0)* 

21/24 

1.6539 

C48H52O40(NO2)21 
C2. 1465H2.3 1 1 5O3.6706N0.9395 
100 
50.399 


Specific  Impulse,  Ib.-sec/lb. 


240 


Table  2.  Safety  Properties  of  y-CDN 


Impact,  mm 

NPP3 

75 

Bructon 

>49 

Friction,  PSIG 

750 

ESD,  JOULES 

0.015 
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CHARACTERIZATION  OF  THE  CDN/NITRATE  ESTER  COMPLEX’  *"' 

The  most  interesting  thing  about  the  nitrate  ester  complex  with  CDN  is  that  the  CDN  desensi¬ 
tizes  the  nitrate  ester  by  forming  a  dipole-dipole  interaction.  This  is  true  regardless  of  the  nitrate 
ester  used.  The  main  test  that  was  used  to  ensure  complexation  formation  was  the  TGA.  The 
complex  peak  should  be  approximately  30  °C  higher  than  the  boiling  point  of  the  nitrate  ester . 
The  safety  characterization  of  the  various  complexes  made  are  reported  in  Table  3. 

Table  3 .  Safety  Properties  of  CDNMtrate  Ester  Complexes 


CARD 

DENSITY 

IMPACT,  MM 

FRICTION 

ESD 

CAVITY 

MATERIAL 

ISP  GAP 

GM/CC 

BRUCETON 

NPP3 

PSIG 

JOULES 

DROP 

y-CDN 

240  0* 

1.65 

>49 

75 

750 

0.015 

TMETN 

249.4  15-20 

1.47 

>600 

>980 

>12.5 

BTTN 

55 

1.52 

100 

>980 

1.625 

NG 

1.60 

75 

40 

>12.5 

CDN/BTTN/1 

%  BI SALT 

1/1.5 

254.3  55.30* 

1.56 

71 

75 

>980 

8.33 

1/2.0 

254.3 

1.55 

37 

50 

>980 

8.33 

1  /3.0 

257.8 

1.54 

CDN/NG/1  % 

BI SALT 

1/1.5 

258.7 

1.611 

1/2.0 

259.6 

1.608 

70 

>30 

4.20 

1/3.0 

260.1 

1.603 

♦Doesn’t  have  Bi  salt  in  the  complex 
POLYMER  OF  CYCLODEXTRIN" 

A  polymer  of  cyclodextrin  was  reported  in  the  literature  by  Hurado  in  1993.  Attempts  to 
obtain  samples  from  Hurado  were  unsuccessful.  In  1997,  MACH  I  prepared  samples  of  a  poly¬ 
mer,  which  were  analyzed  by  Gel  Permeation  Chromatography  (GPC).  The  samples  had  a  mo¬ 
lecular  weight  range  of  10,000-60,000.  Attempts  to  nitrate  the  CD  polymer  by  foming  98  percent 
HNO3,  mixed  acid,  and  N2O5  failed.  The  only  successful  nitration  was  achieved  by  super  critical 
fluid  nitration  with  N2O5  in  liquid  carbon  dioxide.  The  higher  molecular  weight  samples,  when 
nitrated,  were  no  longer  soluble  in  acetone  or  dimethylsulfoxide.  Normally,  when  the  CD  is 
nitrated,  the  material  increases  in  molecular  weight  by  1 .75.  Therefore,  the  molecular  weight 
must  be  in  the  150-200,000  range.  Future  work  will  determine  a  more  suitable  molecular  weight 
range.  This  is  necessary  to  obtain  a  soluble  poly-CDN  material.  The  poly-CDN  will  allow  the 
production  of  solid  rocket  propellants/explosives,  in  light  of  the  earlier  problems  associated  with 
the  attainment  of  mechanical  properties  with  systems  containing  80-90  percent  liquids  using  the 
CDN/NG  complex. 
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APPLICATIONS  FOR  CDN/COMPLEXES 

The  original  goal  was  to  produce  a  high  energy,  insensitive,  minimum  smoke  propellant.  Many 
attempts  were  made  to  achieve  a  solid  rocket  propellant,  but  they  were  unsuccessful,  because  the 
mechanical  properties  were  too  soft.  Part  of  the  reason  for  the  unsuccessftil  attempts  was  that  no 
solid  oxidizers  are  used,  as  they  will  lower  the  impulse.  Thus,  a  gumstock  was  being  produced 
with  a  plasticizer  content  on  the  order  of 80-90  percent;  however,  the  liquid  complexes  could  be 
used  in  other  applications,  such  as  space  fuels,  torpedoes,  and  gelled  fuels  for  other  rocket  motor 
applications. 

CONCLUSIONS 

The  nitration  of  cyclodextrin  has  been  very  successftil  using  98  percent  fuming  nitric  acid  and 
has  been  scaled  up  to  the  50-gallon  reactor.  Other  promising  nitration  processes  include  super 
critical  fluid  using  N2O5  in  liquid  carbon  dioxide.  Production  quantities  of 400  lbs.  have  been  suc¬ 
cessfully  reproduced  in  22  liter  batch  reactions  and  have  been  fiilly  characterized  for  safety,  ther¬ 
mal  stability,  aging,  and  other  analytical  analyses.  Complexes  have  been  made  and  verified  to 
significantly  improve  the  safety  characteristics  of  the  complexes  and  the  propellants  made  from 
them.  The  impulse  of  240  lb.  sec/lb.  for  CDN  is  very  high  and  adds  to  the  attractiveness  of  this 
new  energetic  material.  With  the  advancements  made  by  MACH  I  in  the  polymer  production  of 
cyclodextrin,  many  energetic  fuels,  both  liquid  and  solid,  as  well  as  cast  and  extruded,  for  both 
CDN  and  poly  CDN  will  be  explored  in  the  near  future. 
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ABSTRACT 

For  the  last  few  years,  DREV  has  been  involved  in  the  synthesis  of  energetic  thermoplastic 
elastomers  (ETPEs)  based  on  linear  glycidyl  azide  polymer  (GAP).  These  polymers  are  physically- 
crosslinked  rubbery  materials  which  can  be  solubilized  and  recycled,  and  could  provide  the  basis  for 
a  new  generation  of  binders  for  introduction  into  future  formulations  of  propellants  and  explosives. 
Since  ETPEs  are  recyclable,  disposal  of  the  new  formulations  at  the  end  of  their  life  cycle  will  be  less 
problematic. 

Recently,  work  at  DREV  in  the  area  of  ETPEs  has  led  to  a  series  of  three  candidates  suitable 
for  incorporation  in  gun  propellant  formulations.  These  three  different  ETPEs  are  copolymers  of  type 
AB  and  are  obtained  by  macropolymerization  from  GAPs  having  molecular  weights  of  500, 1000  and 
2000  with  4,4-methylenebis-phenyl  isocyanate  (MDI) .  These  ETPEs  are  soluble  in  ethyl  acetate  and 
therefore  can  be  easily  processed  or  recuperated  at  the  end  of  the  munition  life  time,  leading  to 
recyclable  materials.  Prototypes  of  these  ETPEs  have  been  incorporated  in  HELOVA  formulations 
and  provided  good  impetus  levels.  Moreover,  the  formulations  containing  the  prototypes  were  easily 
processed  using  the  current  processing  technique. 
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At  the  moment,  an  ETPE  based  on  GAP-1000  seems  the  most  promising  candidate.  The 
scale-up  for  the  production  of  these  ETPEs  was  done  at  the  kilogram  scale  in  the  laboratory.  The 
transfert  of  the  technology  was  achieved  and  the  production  of  the  material  will  be  done  at  the  70 
kilograms  scale.  This  paper  describes  mainly  the  synthesis  and  the  characterization  of  these  new 
ETPEs. 


1.0  INTRODUCTION 

High-energy  solid  compositions,  such  as  propellants,  plastic-bonded  explosives  or  the  like, 
are  comprised  of  an  elastomeric  binder  in  which  are  dispersed  particulate  solids  such  as  oxidizers, 
particulate  fuel  material  or  crystalline  explosives.  Glycidyl  azide  polymer  (GAP)  serves  as  an 
energetic  binder  (Ref.  1)  and  is  reacted  with  a  curing  agent  to  form  a  chemically  crosslinked  matrk 
for  ammonium  nitrate  in  new  insensitive  low  smoke  propellant  formulations,  and  for  RDX  in  new 
insensitive  plastic-bonded  explosives  (Refs.  2-10).  To  produce  this  chemically  crosslinked  matrix,  a 
triol  or  a  triisocyanate,  or  both,  or  a  polymer  having  a  functionality  greater  than  two  reacting  with 
a  diisocyanate,  must  be  used  to  ensure  the  reticulation  (Refs.  11-15).  In  such  systems,  different 
mechanical  properties  of  the  binder  can  be  obtained  by  adjusting  the  parameters  of  the  curing  reaction 
and  the  component  concentrations,  which  results  in  varying  the  crosslink  density  of  the  matrix. 

On  the  other  hand,  it  is  desirable  to  introduce  GAP  into  low  vulnerability  ammunition  (LOVA) 
formulations  in  order  to  obtain  higher  energy  tow  vulnerability  ammunition  (HELOVA)  fiarmulations. 
However,  GAP  must  be  reacted  with  a  curing  agent  to  form  a  matrix  leading  to  good  mechanical 
properties  (Ref.  16).  With  the  current  processing  technique  used  in  Canada  for  propellants,  a  suitable 
curing  reaction  is  hard  to  achieve.  Moreover,  such  a  gun  propellant  would  not  be  recyclable  because 
the  crosslinks  are  covalent  chemical  bonds  and  thus  irreversible,  as  they  are  for  composite  explosives 
and  rocket  propellants.  The  use  of  thermoplastic  elastomers  (TPE)  avoids  a  process  that  involves 
curing  reactions  and  hence  leads  to  recyclable  LOVA-type  gun  propellant  formulations.  DREV  has 
been  active  in  the  development  of  LOVA  gun  propellant  formulations  using  TPEs,  and  the 
incorporation  of  these  polymers  as  binders  has  resulted  in  good  mechanical  properties,  but  more 
energy  is  still  desirable  (Ref.  17).  The  use  of  GAP-based  TPEs  in  HELOVA  gun  propellant 
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formulations  led  to  propellants  showing  good  mechanical  properties,  low  vulnerability  and  a  high 
impetus.  Furthermore,  it  allowed  an  easier  processing  of  a  gun  propellant  formulation  (Refs.  18-21). 

Development  at  DREV  of  ETPEs  based  on  glycidyl  azide  polymer  led  to  a  series  of  three 
candidates  suitable  for  incorporation  into  HELOVA  gun  propellant  formulations.  These  three 
different  ETPEs  are  copolymers  of  type  AB  and  were  obtained  by  macropolymerization  of  GAPs 
having  molecular  weights  of  500,  1000  and  2000  with  4,4’-methylenebis-phenyl  isocyanate  (MDI), 
the  monomer  giving  the  hard  segment  A.  This  paper  describes  the  synthesis  and  characterization  of 
these  ETPEs. 


2.0  THEORY 

Thennoplastic  elastomers  are  copolymers  of  type  ABA  or  AB,  where  A  and  B  are  respectively 
the  hard  segment  and  the  soft  segment  (Ref.  22).  The  hard  segment  is  capable  of  crystallization  or 
association  and  gives  the  thermoplastic  behaviour  to  the  copolymer,  whereas  the  soft  segment  gives 
the  elastomeric  behaviour  to  the  copolymer.  The  thermoplastic  behaviour  is  the  result  of  crystalline 
domain  formation  by  chain  associations  due  to  reversible  interactions  such  as  dipole-dipole 
interactions,  hydrogen  bonding,  etc.  In  practice,  at  room  temperature,  a  thermoplastic  elastomer 
behaves  like  a  rubber  because  it  is  crosslinked  in  the  same  fashion  as  a  conventional  elastomer,  but 
with  reversible  physical  crosslinks.  Since  the  physical  crosslinks  are  reversible,  the  TPE  can  be  melted 
or  dissolved  in  a  solvent  and  then  mixed  with  other  components  of  a  formulation  and  processed.  A 
gun  or  rocket  propellant  or  a  composite  explosive  is  obtained  upon  cooling  the  TPE  or  evaporating 
the  solvent.  Cooling  the  TPE  or  evaporating  the  solvent  lets  the  broken  physical  crosslinks  re-form 
and  the  elastomeric  properties  are  recovered.  This  also  means  that  obsolete  material  can  be  melted 
or  dissolved  before  the  separation  of  the  components,  leading  to  a  recyclable  composition. 

Thermoplastic  elastomer  copxilymers  of  type  ABA  are  usually  obtained  by  polymerization  of 
a  diftmctional  homopolymer  B  tbllowed  by  the  addition  of  monomers  of  the  homopolymer  A  which 
is  crystallisable.  To  achieve  that  type  of  copolymerization,  monomers  of  both  types  should  have  a 
similar  reactivity  and  most  of  the  time  the  polymerization  is  a  living  one.  This  technology  leads  to  a 
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copolymer  of  controlled  structure  with  suitable  adjustable  mechanical  properties.  A  good  example 
of  this  type  of  polymerization  is  the  preparation  of  the  AMMO/BAMO  energetic  thermoplastic 
elastomer.  Since  3-azidomethyl-3-methyloxetane  (AMMO)  and  bis  3,3-azidomethyloxetane  (BAMO) 
are  both  oxetanes  with  similar  reactivities,  polymerization  of  type  ABA  is  possible.  Manser  et  al. 
prepared  a  wide  variety  of  AMMO/BAMO  copolymers  of  different  molecular  weights  and  mechanical 
properties  by  varying  the  monomer  concentrations  and  the  polymerization  parameters  (Ref.  23).  On 
the  other  hand,  copolymers  of  type  AB  are  usually  obtained  by  mixing  monomers  of  both  types 
having  reactive  compatible  ending  groups  and  represents  a  simpler  technology.  For  industrial  uses, 
copolymers  of  type  AB  are  more  attractive  since  the  process  is  often  more  simple  than  for  copolymers 
of  type  ABA. 

Polyurethane  chemistry  is  well  known  and  urethane  groups  are  obtained  when  an  hydroxyl 
group  is  reacted  with  an  isocyanate  group  (Fig.  1)  (Refs.  15,  24).  Water  also  reacts  with  isocyanate 
at  a  rate  similar  to  a  secondary  hydroxyl  group,  yielding  a  carbamic  acid  which  decomposes  to  liberate 
carbon  dioxide  in  the  matrix  (entrapped  bubbles)  and  form  an  amine  group  which  is  100  times  more 
reactive  than  a  primary  hydroxyl  group  (Fig.  2).  This  amine  group  reacts  faster  than  hydroxyl  groups 
with  isocyanate,  yielding  an  urea  group  which  introduces  rigidity  and  brittleness  to  the  polyurethane. 
Moreover,  this  urea  group  can  react  with  a  second  isocyanate  to  give  a  biuret  group,  introducing 
covalent  crosslinking  between  two  polymer  chains  (Fig.  3).  To  obtain  linear  copolyurethane  without 
bubble  formation  and  covalent  crosslinking,  the  presence  of  water  must  be  avoided  in  order  to 
eliminate  undesirable  reactions. 

An  important  aspect  of  the  polyurethane  chemistry  is  the  concentration  of  Isocyanate  and 
hydroxyl  groups,  i.e.  the  NCO/OH  ratio.  An  excess  of  isocyanate  will  lead  to  covalent  crosslinking 
by  allophanate  group  formation  (Fig.  4)  or  biuret  formation  (Fig.  3)  if  water  is  present.  An  excess  of 
hydroxyl  groups  will  lead  to  incomplete  reaction  and  poor  mechanical  properties.  Thus,  the  NCO/OH 
ratio  has  a  direct  impact  on  the  molecular  weight  of  the  pol3airethane  and  on  the  mechanical 
properties.  In  order  to  get  polyurethane  elastomers,  covalent  crosslinking  is  needed  and  is  obtained 
by  the  use  of  triol  or  triisocyanate.  The  NCO/OH  ratio  can  also  be  adjusted  higher  than  unity  to 
increase  the  crosslinking  density.  At  DREV,  this  type  of  polymerization  was  extensively  studied  with 
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GAP  to  lead  to  a  wide  variety  of  thermoset  binders  with  crosslinked  chemical  structures  (Refe.  2-5, 
11-14,  25).  Theoretically,  when  a  diol  is  reacted  with  a  diisocyanate  at  a  precise  NCO/OH  ratio  equal 
to  unity,  a  linear  copolyurethane  with  the  highest  molecular  weight  is  obtained.  Cooper  et  al.  used 
poly(tetramethylene  oxide),  a  dihydroxyl  terminated  telechelic  polyether,  as  the  diol,  and  polymerized 
it  with  MDI  (Refe.  26-29).  They  found  that  the  copolymer  when  isolated  was  a  copolyurethane 
thermoplastic  elastomer  where  the  hard  segment  was  the  result  of  hydrogen  bonding  between  the 
urethane  groups. 

Although  many  researchers  have  studied  the  curing  of  glycidyl  azide  polymer  with  a 
diisocyanate,  this  is  the  first  time  that  urethane  groups  are  used  as  the  hard  segments  in  an  energetic 
thermoplastic  elastomer.  Glycidyl  azide  polymer  having  a  functionality  of  two  or  less  was  used  as  a 
macromonomer  and  was  polymerized  with  an  aromatic  diisocyanate  (MDI)  at  a  NCO/OH  ratio  of  1, 
to  give  a  linear  copolyurethane  thermoplastic  elastomer  which  was  not  chemically  crosslinked.  This 
is  only  obtained  using  highly  controlled  conditions.  The  NCO/OH  ratio  must  be  about  1  to  avoid 
chemical  crosslinking  between  the  chains  and  to  obtain  the  best  reproducible  copolymer.  In  this 
copolymer,  the  elastomeric  B  segment  is  provided  by  the  amorphous  glycidyl  azide  polymer,  and  the 
thermoplastic  A  segment  is  provided  by  the  urethane  moieties.  Each  urethane  group  within  the 
copolymer  is  capable  of  forming  hydrogen  bonds  with  the  oxygen  of  another  urethane  or  with  the 
oxygen  of  an  ether.  By  doing  so,  physical  crosslinks  are  obtained  between  the  chains  and  as  a  result, 
an  energetic  copolyurethane  thermoplastic  elastomer  is  obtained  (Fig.  5). 

It  has  to  be  noted  that  this  process  is  not  restricted  to  GAP  but  can  be  applied  to  any 
dihydroxyl  terminated  telechelic  energetic  polymer  having  a  fimctionality  of  two  or  less  such  as:  poly 
3-azidomethyl-3-methyloxetane  (AMMO),  poly  bis  3,3-azidomethyloxetane  (BAMO),  poly  3- 
nitratomethyl-3-methyloxetane  (NIMMO)  or  poly  glycidyl  nitrate  (GLYN).  The  process  will  then 
lead  to  a  wide  variety  of  energetic  thermoplastic  elastomers  having  different  mechanical  properties. 

According  to  the  literature,  linear  polyurethanes  have  melting  points  in  the  region  of  200°C 
when  the  thermoplastic  content  is  about  20  to  50%  by  weight;  this  is  when  there  are  enough  hard 
segments  to  induce  crystallinity  (Ref.  26-29).  Copolyurethanes  with  glycidyl  azide  polymer  must  not 
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be  melted  because  the  decomposition  of  GAP  occurs  at  200°C  and  can  result  in  an  apparatus  damage 
(Ref.  30,  31).  However,  they  can  be  dissolved  in  a  solvent  and  used  solvated  in  an  energetic 
fiormulation  such  as  a  gun  propellant  formulation.  Using  the  copolyurethane  thermoplastic  elastomer 
based  on  GAP  in  a  gun  propellant  formulation  is  therefore  an  elegant  way  to  introduce  an  energetic 
binder  without  the  problems  associated  with  conventional  cured  binders.  Moreover,  this  formulation 
can  be  recuperated  and  recycled. 

According  to  this,  GAPs  of  molecular  weights  of  500,  1000  and  2000  and  having  a 
functionality  of  two  or  less  were  reacted  with  MDI  at  a  NCO/OH  ratio  of  one  to  yield  copolyurethane 
thermoplastic  elastomers  which  were  used  as  binders  in  HELOVA  gun  propellant  formulations.  These 
copolymers  were  solvated  and  mixed  with  the  other  components  of  gun  propellant  formulations  using 
a  solvent-type  process.  After  evaporation  of  the  solvent,  extrusion,  cutting  and  drying,  suitable  gun 
propellant  grains  were  obtained. 


3.0  EXPERIMENTAL 

Linear  difiinctional  glycidyl  azide  polymers  of  molecular  weight  500  and  2000  were  obtained 
from  3M.  Since  linear  GAP  1000  was  not  available  commercially,  it  was  obtained  by  azidation  of 
polyepichlorohydrin  (PECH)  of  molecular  weight  1000  synthesized  by  the  process  described  by 
Okamoto  et  al  (Ref.  33).  To  adjust  the  NCO/OH  ratio  to  one,  the  concentration  of  the  hydroxyl 
groups  related  to  the  functionality  of  the  GAPs  must  be  known.  The  NMR  spectroscopy  method  was 
used  to  determine  the  equivalent  weight  of  the  GAP  prepolymers  used  in  the  synthesis  of  the 
copolyurethane  thermoplastic  elastomers  (Ref.  32).  Three  energetic  copolyurethane  thermoplastic 
elastomers  were  used  to  prepare  three  HELOVA  gun  propellant  formulations  with  different 
mechanical  properties.  GAPs  with  molecular  weights  of  2000,  1000  and  500  were  used  as 
macromonomers  to  S5Tithesize  the  copolyurethane  thermoplastic  elastomers.  The  polymerization  was 
achieved  in  the  bulk  by  reacting  stoechiometrically  GAP  2000,  1000  or  500  with  4,4'-methylenebis 
phenyl  isocyanate  using  dibutyltin  dilaurate  as  the  catalyst. 


All  the  copolyurethanes  synthesized  were  rubber-like  materials  which  were  dissolved  in  ethyl 
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acetate  in  a  ratio  polymer/solvent  of 35/65.  Copolyurethane  thermoplastic  elastomers  were  dissolved 
in  a  large  beaker  containing  ethyl  acetate  using  a  glass  rod  to  stir  thoroughly  the  sample  until  no  more 
material  could  be  dissolved.  This  stirring  was  repeated  each  hour  until  all  the  sample  was  completely 
dissolved  (8  hours).  This  solution  was  used  as  is  in  the  HELOVA  formulation. 

Copol)nnerization  could  also  be  done  in  solvent.  For  production  needs,  it  could  be  more 
Interesting  to  perform  the  polymerization  in  ethyl  acetate  in  order  to  avoid  the  solvatation  step  before 
introducing  the  copolymers  into  an  energetic  formulation.  The  polymerization  in  ethyl  acetate  using 
different  polymer  concentrations  varying  from  30  to  70%  by  weight,  was  achieved  and  led  to  identical 
copolyurethane  thermoplastic  elastomers  compared  to  the  ones  obtained  in  the  bulk.  Therefore,  the 
process  could  be  done  at  different  polymer  concentrations  leading  to  a  wide  variety  of  ETPE 
solutions  suitable  for  the  formulation  processes.  The  solvated  thermoplastic  elastomers  can  be  used 
as  is  in  the  preparation  of  high-energy  compositions.  Since  the  solvatation  step  is  time  consuming, 
it  is  recommended  to  perform  the  synthesis  directly  in  the  preferred  solvent. 

4.0  RESULTS  AND  DISCUSSION 

Three  different  linear  copolyurethane  thermoplastic  elastomers  were  obtained  from  GAP 
2000, 1000  and  500.  According  to  this  process,  hydrogen  bonds  were  formed  between  the  urethane 
groups  forming  the  hard  segments  of  the  thermoplastic  elastomer  and  therefore  a  thermoplastic 
behaviour  was  observed.  All  the  copolymers  synthesized  were  rubber-like  materials  which  were 
dissolved  in  ethyl  acetate  prior  to  their  inclusion  into  the  gun  propellant  formulations.  Preliminary 
results  obtained  with  the  ETPE  based  on  GAP  2000  showed  that  the  propellant  grains  were  too  soft. 
To  increase  the  hardness  of  the  matrix,  a  shorter  GAP  prepolymer  was  used  to  Increase  the  hard 
segment  content.  By  doing  so,  introducing  more  hard  segments  resulted  in  more  hydrogen  bonds  and 
therefore,  a  harder  rubber  was  obtained.  The  hard  segment  content  of  ETPEs  with  GAP  2000,  1000 
and  500  was  respectively  10,  20  and  40%.  Since  the  hard  segments  were  not  energetic,  introducing 
more  of  them  reduced  the  total  energy  of  the  copolyurethane.  It  was  found  that  the  best  compromise 
energy/  hardness  was  to  use  the  ETPE  based  on  GAP  1000.  The  prepolymer  GAP  1000  was  not 
commercially  available;  it  was  then  synthesized  according  to  the  procedure  developed  by  Okamoto 
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et  al.  (Ref.  33).  The  polymerization  of  epichlorohydrin  with  triethyloxonium  hexafluorophosphate 
(TEOP)  was  a  very  efficient  system  but  care  had  to  be  taken  to  control  the  reaction  temperature.  If 
the  temperature  increased  over  30  °C,  the  polymerization  would  fail  to  yield  polyepichlorohydrin  of 
molecular  weight  1000.  Azidation  of  the  resulting  PECH  gave  GAP  1000  with  an  excellent  yield. 
Polymerization  of  GAPs  with  MDI  yielded  copolyurethane  thermoplastic  elastomers  quantitatively. 

4.1  Characterization  of  Thermoplastic  Elastomers 

The  molecular  weights  of  the  resulting  copolymers  were  determined  by  gel  permeation 
chromatography  (GPC).  Copolymers  based  on  GAP  2000  had  number  average  molecular  weights 
M„=  35,000  to  40,000,  while  those  obtained  from  GAPs  1000  and  500  had  M„  of  26,000-34,000. 
This  could  be  explained  by  the  fact  that  viscosity  increased  more  rapidly  when  more  hard  segments 
were  included  in  the  copolymer.  When  the  molecular  weight  of  the  macromonomer  was  small,  the 
content  of  hard  segments  increased,  leading  to  a  greater  viscosity  during  the  polymerization  resulting 
in  lower  molecular  weight  copolyurethane  thermoplastic  elastomers. 

Infrared  spectroscopy  revealed  for  all  copolyurethane  thermoplastic  elastomers  that  the 
urethane  groups  forming  the  hard  segments  were  hydrogen  bonded,  since  a  strong  band  at  3320  cm'‘ 
corresponding  to  a  NH-bond  was  observed.  It  is  interesting  to  note  that  a  small  band  at  3400  cm'‘ 
was  observed  for  ETPE  with  GAP  2000;  this  was  probably  a  free  N-H  band  of  urethanes.  With  this 
particular  copolyurethane,  the  distance  between  two  urethanes  was  greater  compared  with  the  other 
two  copolyurethanes.  This  implied  more  freedom  for  the  GAP  chains  resulting  in  a  disalignment  of 
the  urethane  groups,  therefore,  less  hard  segments  were  formed.  This  was  in  accordance  with  the  feet 
that  this  copolyurethane  was  softer  than  the  others.  For  the  ETPE  with  GAP  500,  no  free  NH  band 
was  observed;  moreover,  a  small  decrease  in  the  frequency  of  the  NH-bonded-band  at  3310  cm'*  was 
observed.  This  implied  more  hydrogen  bonds  and  a  better  alignment  of  the  urethanes.  This  resulted 
in  a  sample  which  was  very  hard  compared  to  ETPE  with  GAP  2000.  In  all  samples,  disappearance 
of  the  NCO  band  at  2270  cm'*  confirmed  that  the  polymerizations  were  complete.  Appearance  of  a 
carbonyl  absorption  band  at  1730  cm'*  was  consistent  with  the  formation  of  urethane  groups. 
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‘^C-NMR  and  ‘H-NMR  spectroscopy  confirmed  the  structure  of  the  copolymers  without  the 
presence  of  chemical  crosslinks  formed  during  the  polymerization.  Only  urethane  groups  were 
present  and  no  allophanate  or  biuret  were  detected  in  “C  spectra.  ‘H  signals  were  characteristic  of 
GAP  polymers.  The  aromatic  carbon  signals  of  MDI  were  carefully  assigned  and  compared  with 
polyurethanes  in  the  literature  and  were  consistent  with  the  structure  given  in  figure  5  (Refe.  25,  34- 
47). 


Differential  scanning  calorimetry  measurements  were  conducted  and  the  glass  transition 
temperatures  for  the  copolyurethane  thermoplastic  elastomers  made  with  GAP  2000, 1000  and  500 
were  respectively  -28°,  -15 “and  -4‘C..  No  melting  endotherm  was  observed  below  200  C,  the 
temperature  at  which  GAP  decomposed  (Refe.  30,31).  Nevertheless,  all  the  copolymers  obtained 
using  this  process  were  rubbery-like  materials  soluble  in  ethyl  acetate.  Removal  of  the  solvent  yielded 
back  the  original  material  showing  identical  properties. 

4.2  Processing  of  the  HELOVA  Gun  Propellants 

Once  the  ETPE  was  solvated  in  ethyl  acetate,  it  was  processed  with  an  energetic  nitrate  ester 
plasticizer  and  the  other  ingredients  of  a  HELOVA  gun  propellant  formulation  in  a  sigma-blade  mixer 
according  to  the  technique  presented  in  Ref.  48.  For  all  formulations,  the  processing  technique  used 
was  similar  to  the  one  for  the  reference  formulation  (LOVA)  or  one  containing  an  inert  TPE  (Refe. 
17,  48).  This  aspect  was  of  importance  since  a  modification  of  the  processing  would  imply  an 
increased  amount  of  effort  and  expense.  The  ballistic  and  mechanical  evaluations  were  done  for  the 
most  promising  formulations  and  the  results  could  be  found  in  reference  21. 

4.3  Production  of  the  ETPEs 


An  interlaboratory  study  was  initiated  between  DREV  and  3M  to  evaluate  the  potential  of 
commercialization  of  these  new  copolymers.  The  technology  developed  at  DREV  concerning  the 
copolyurethane  thermoplastic  elastomers  was  tranfered  to  3M  and  syntheses  were  carried  out  at  3M. 
Copolymers  synthesized  at  DREV  were  sent  to  3M  for  comparison  with  the  copolymers  prepared  by 
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3M.  Since  GAP  2000  and  500  were  initially  obtained  from  3M,  reproducing  the  materials  obtained 
at  DREV  should  be  feasible.  In  the  case  of  ETPE  1000,  the  best  compromise  for  the  HELOVA 
formulations,  the  GAP  1000  used  as  starting  material  was  S5Tithesized  according  to  the  procedure 
developed  by  Okamoto  (ref.  33),  a  procedure  different  from  the  3M  procedure.  Therefore,  it  is  highly 
probable  that  the  DREV’s  material  will  be  different  from  the  one  synthesized  by  3M.  Work  is  still 
carried  out  to  evaluate  the  Impact  of  such  differences  on  the  mechanical  properties  of  the 
copolyurethane  thermoplastic  elastomers  obtained  with  GAP  1000  from  both  laboratories.  Once  the 
laboratory  scale  is  completed  and  that  the  copolymers  synthesized  by  3M  are  suitable  fiar  the 
HELOVA  formulations,  3M  proposed  to  scale-up  and  synthesize  a  larger  quantity  of  the  best  material 
(150  lbs).  This  quantity  will  be  distributed  to  potential  customers  for  evaluation. 

5.0  CONCLUSION 

It  has  been  demonstrated  that  energetic  thermoplastic  elastomers  could  easily  be  obtained  by 
synthesizing  copolyurethanes  based  on  linear  GAPs  having  a  functionality  of  two  or  less.  Three 
different  molecular  weights  of  GAP  were  used  as  macromonomers  to  yield  three  different  ETPEs, 
which  were  incorporated  in  HELOVA  gun  propellant  formulations  using  the  current  processing 
technique.  To  obtain  reproducible  copolyurethane  thermoplastic  elastomers,  dried  reactants  and 
conditions  had  to  be  maintained  during  the  poljmierization.  Infrared  and  nuclear  magnetic  resonance 
spectroscopy  confirmed  that  the  copolyurethanes  were  produced  without  chemical  crosslinking.  It 
was  also  demonstrated  that  hydrogen  bonding  led  to  the  formation  of  the  hard  segments.  It  was  also 
observed  that  a  harder  material  was  obtained  when  the  hard  segment  content  was  increased  which 
was  accomplished  when  a  GAP  macromonomer  of  lower  molecular  weight  was  used.  Nevertheless, 
this  lowered  the  energy  content  of  the  copolymer  and  the  best  compromise  was  the  use  of  GAP  1000 
to  synthesize  the  ETPE. 

Three  copolyurethane  thermoplastic  elastomers  were  used  to  prepare  high  energy  gun 
propellants.  Results  obtained  from  processing  studies,  ballistic  and  mechanical  experiments 
demonstrated  that  the  use  of  ETPEs  in  HELOVA  gun  propellant  formulations  can  be  an  improvement 
over  the  reference  formulation  and  lead  to  recyclable  materials. 
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NEW  HIGH  NITROGEN  HETEROCYCLES  WITH  ALTERNATION  OF 
CHARGES:  STABILITY  AND  STRATEGY  OF  SYNTHESIS 

Aleksandr  M.  Churakov  and  Vladinair  A.  Tartakovsky 

N.  D.  Zelinsky  Institute  of  Organic  Chemistry,  Russian  Academy  of  Sciences 
117913  Moscow,  Russian  Federation 

Abstract:  Compounds  with  several  linked  nitrogen  atoms  tend  to  be  unstable.  The 
analysis  of  structure-property  relations  allow  us  to  form  the  population  of  high 
nitrogen  compounds  with  relatively  enhanced  stability.  These  compounds  possess 
the  following  distinctive  properties:  cyclic  delocalization;  alternation  of  charges  in 
a  nitrogen  chain;  specific  Y-type  arrangement  of  atoms  in  the  component  units, 
which  impede  the  degradation  of  a  molecule.  The  synthetic  approach  to  most  of 
these  compounds  practically  did  not  exist  so  far.  In  this  connection,  the  new 
methods  of  intramolecular  nitrogen-nitrogen  bond  formation  are  discussed.  These 
methods  allow  to  include  azoxy  units  in  a  cycle.  The  strategy  of  synthesizing  the 
following  novel  heterocycles  is  exhibited:  1,2,3, 4-tetrazine-l,3-di-Al-oxides  fused 
to  benzene  and  ftirazan  ring;  1-hydroxybenzotriazole  3-Al-oxides;  1,2,3-triazole  2- 
N-oxides  fused  to  furazan  ring. 

Introduction 

We  are  interested  in  the  energetic  compounds  with  high  heats  of  formation.  This 
characteristic  depends  on  the  number  of  N-N  bonds  in  the  molecule:  the  greater  the 
number,  the  higher  the  heat  of  formation.  On  the  other  hand,  compounds  with  several 
linked  nitrogens  (e.  i.,  nitrogen  catenation)  are  usually  unstable  [1].  How  to  stabilize 
compounds  with  nitrogen  catenation?  One  of  the  important  factors  that  could  stabilize 
the  molecule,  is  cyclic  conjugation.  So  herein  we  consider  only  cyclic  conjugated 
compounds.  Since  the  energy  of  the  N-N  bond  is  increased  by  alternation  of  nitrogen 
atoms  with  different  electronegativities,  alternation  of  charges  in  a  nitrogen  chain  could 
be  the  other  stabilizing  factor. 

At  first,  the  design  and  thermodynamic  stability  of  high  nitrogen  compounds  is 
discussed.  The  latter  is  closely  connected  with  electron  shell  of  a  molecule  and  thus  with 
its  chemical  inertness.  Then  stability  to  heat  is  treated,  which  strongly  depends  on  a 
particular  degradation  path  of  a  molecule.  Later  on,  the  strategy  of  synthesis  of  some 
stabilized  compounds  is  described. 
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Design  of  Compounds  with  Alternating  Charges 
Alternation  of  charges  in  a  conjugated  nitrogen  chain  can  be  achieved  by 
alternant  addition  of  substituents  to  sp^-hybridized  nitrogen  atoms  resulting  in 
quaternization  of  these  atoms.  This  procedure  can  result  in  neutral  compounds,  anions  or 
cations,  depending  on  a  parent  chain  (neutral  or  negatively  charged)  and  on  a  substituent 
(neutral  or  negatively  charged).  The  examples  are  given  in  Table  1. 


Table  1.  Design  of  nitrogen  chains  with  alternating  charges. 


parent  chain 

chain  with  alternating  charges 

=N-N=N—  — N=N-N= 

X  X 

1+  1  + 
=N-N=N— 

XX  XX 

i  +  -  II  +  11+  _  1+ 

=N-N-N—  - - N-N-N= 

— N=N-N— 

X“ 

— N=N-N— 

R 

— N=N-N— 

=N-N-N= 

R  R 

1+  -  1  + 
=N-N-N= 

X“  X" 

1  +  —  1  + 
=N-N~N= 

-X 

=  -0,  -NR,  -CRj 

Bearing  this  in  mind,  we  have  formed  a  separate  population  of  cyclic  compounds. 
These  compounds  can  be  constructed  by  the  following  operating  sequence: 

1.  Choose  a  skeleton,  i.  e.,  conjugated  alternant  hydrocarbon  (in  our  case,  naphthalene; 
Table  2,  step  1). 

2.  Make  a  replacement  of  a  selected  carbon  atoms  by  nitrogens  with  retention  of  all 
cyclic  bonds  (step  2). 


3.  Carry  out  starring  procedure  (step  3)  (for  starring  procedure  of  alternant 
hydrocarbons  see  ref.  2). 

4.  Unite  all  unstarred  nitrogen  atoms  with  substituents  without  exception  (in  our  case, 
the  substituents  are  oxygen  atoms;  step  4). 
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Table  2.  The  operating  sequence  of  design  of  AC-compounds. 

step  1 

steps  2  and  3 

step  4 

CO 

II  1 

0  0 
hKK 

II  1 

o  N  N  ,  O 

Herein  we  designate  the  cyciic  conjugated  high  nitrogen  compounds  with 
alternating  charges,  constructed  according  to  the  above  rules,  the  AC-compounds. 

These  rules  are  presented  for  alternant  even-membered  cycles.  However,  the 
odd-numbered  nonalternant  cyclic  anions  can  also  be  transformed  into  AC-compounds 
on  condition  that  at  least  one  carbon  is  preserved  in  a  cycle.  In  this  case  a  nitrogen  chain 
of  nonaltemant  cycle  can  be  regarded  as  a  chain  with  alternating  charges. 

Using  these  basic  principles,  the  population  of  AC-compounds  can  by 
constructed.  Some  examples  are  given  in  Table  3.  These  compounds  possess  a  number  of 
characteristic  features.  We  shall  illustrate  them  by  the  examples  of  AC-compounds  la 
and  2a,  and  their  non-AC-isomers,  i.  e.,  la'  and  2a’. 

One  of  the  particularities  of  the  AC-compounds  lies  in  the  fact  that  the  distinction 
in  electronegativities  of  the  neighboring  N  atoms  in  the  nitrogen  chain  is  greater,  as 
compared  to  their  non-AC-isomers.  This  can  be  clearly  seen  from  the  resonance 
structures  of  AC-compound  2a  and  its  non- AC  isomer  2a’  (Scheme  1).  This  alternation 
strengthens  the  a  N-N  bonds  of  a  molecule. 

Scheme  1 
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Table  3.  The  population  of  AC-compounds. 
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hydrocarbons 
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Another  characteristic  property  of  AC-compounds  is  the  specific  7t-electron  shell 
of  molecules,  which  can  be  readily  considered  in  terms  of  MO  theory.  It  can  be 
demonstrated  that  the  difference  in  starred  and  unstarred  atoms  in  an  alternant 
hydrocarbon  is  equal  to  the  number  of  nonbonding  MO  [2].  Thus,  dianion  A'  has  one 
occupied  antibonding  MO,  whereas  isomer  A  has  two  occupied  nonbonding  MO,  which 
is  preferable.  Obtained  after  isoelectronic  replacement,  neutral  isoconjugate  compounds 
la  has  the  electron  shell  similar  to  A.  However,  the  higher  occupied  MO  in  la  is  a 
bonding  one,  due  to  decrease  in  orbital  energies  which  results  from  the  distinct 
electronegativities  of  N  atoms  [2].  In  other  words,  we  have  obtained  a  compound  with  a 
close  shell.  In  the  non-AC-isomer  la',  the  decrease  in  orbital  energies  is  much  less 
prominent. 


Figure  1.  Orbital  energies  (a,  b)  in  parent  hydrocarbons;  (c)  in  AC-compound;  (d)  in 
non-AC-compound. 
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It  can  be  demonstrated  that  the  union  of  oxygen  atom  with  an  unstarred  atom  of 
a  cycle  (Table  2,  step  4)  always  results  in  molecules  with  close  electron  shell. 

One  more  peculiar  feature  of  the  AC-compounds  structure  is  the  absence  of 
neighboring  nitrogen  atoms  with  lone  electron  pairs  and,  thus,  the  absence  of 
destabilizing  interaction  of  these  pairs  [3]. 
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As  the  heat  of  formation  is  a  'summarizing'  measure  of  the  thermodynamic 
stability,  it  would  be  interesting  to  compare  heats  of  formation  of  AC-  and  isomeric  non- 
AC-compounds.  For  example,  despite  of  the  steric  hindrance,  AC-compound  2a  is  more 
stable  than  its  non-AC-isomer  2a'  (AAHf  =  12.1  kcal/mol,  see  Scheme  1). 

We  certainly  realize  that  the  actual  thermal  stability  of  compounds  depends 
primarily  on  the  specific  degradation  pathway  of  a  molecule.  When  comparing  the 
possible  decomposition  path  of  AC-compound  la  with  those  of  its  non-AC-isomers  8 
and  9  (Scheme ),  it  can  be  seen,  that  the  latter  two  compounds  have  more  favorable 
paths,  then  the  former  one.  1,4-Dioxide  8  can  easily  split  off  the  N2  molecule  to  give 
dinitrosoethylene,  followed  by  furoxan  formation.  2,3-Dioxide  9  can  take  part  in  ring- 
chain  tautomerism  to  afford  the  reactive  open-chain  isomer  10.  The  spatial  arrangement 
of  atoms  in  AC-compound  la  (as  well  as  in  any  other  AC-compound)  does  not  afford 
such  types  of  facile  decomposition  or  ring-chain  tautomerism. 


Scheme  2. 
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It  is  noteworthy,  that  1,2,3,4-tetrazine  mono-N-oxides  11  [4]  and  13  cannot  be 
regarded  as  true  AC-compounds  in  our  terms,  because  not  all  unstarred  nitrogen  atoms 
were  united  with  oxygen  atoms  (see  step  3,  Table  2).  In  fact,  both  compounds  can  take 
part  in  ring-chain  tautomerism  to  give  the  highly  reactive  isomers  12  and  14  followed  by 
ring  closure  to  yield  furazan  and  nitrosotriazole  respectively  (Scheme  3). 
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The  molecules  shown  in  Table  3  were  calculated  by  MNDO  method  with  full 
geometry  optimization  [5].  The  molecules  obtained  from  aromatic  hydrocarbons  (e.g., 
la — d,  2a,b)  exhibit  cyclic  delocalization  of  7C-electrons,  as  expected. 

The  molecules  4a  and  4b,  resulted  from  antiaromatic  cyclobutadiene,  are  also 
antiaromatic  (i.  e.,  there  is  a  bond  alternation  in  the  cycle),  but  tetraazacyclobutadiene  4c 
is  a  plane  molecule  with  all  cyclic  bonds  equal,  e.  i.,  the  cyclic  delocalization  takes  place. 
Thus,  4c  might  by  regarded  as  an  aromatic  compound.  Similarly,  molecules  Sa — c  and 
6a — b,  obtained  from  antiaromatic  hydrocarbons,  are  also  planar  delocolized  systems. 

O  — —  O  ^  “O— nOn— O" 

N  N 

4c 

The  odd-numbered  6-7C-electron  (3)  as  well  as  8-7t-electron  (7)  cyclic  anions  give 
anions  3a,b  and  7a,b,  which  are  also  planar  systems  with  cyclic  electron  delocalization. 

Synthesis  of  AC-compounds 

The  synthetic  approach  to  most  of  AC-compounds  listed  in  Table  3,  practically 
did  not  exist  so  far.  Only  a  few  examples  of  AC-cycles  with  three-nitrogen  chain  are 
known  [1]  .  The  method  of  N-oxidation  is  impractical,  for  the  parent  nitrogen 
heterocycles,  as  a  rule,  are  either  not  available  or  not  stable  [1].  So,  the  idea  was  to  fulfil 
ring  closure  of  a  chain  which  would  already  contain  appropriate  units. 

9  ?” 

— N=N-N=N—  fragment 

The  most  probable  way  to  create  the  title  fragment  as  part  of  a  cycle,  could  be 
forming  the  N-N  bond  between  two  azoxy  units.  This  might  be  carried  out  by  means  of 
intramolecular  coupling  of  /ert-butyl-AWO-azoxy  moiety  with  diazonio-oxide  cation  in  B 
(Scheme  3),  followed  by  elimination  of  the  /er/-butyl  cation  from  the  intermediate  cyclic 
cation  C. 
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The  ability  of  the  tert-butyl-AWO-azoxy  group  to  react  with  electrofiles  with  the 
substitution  of  the  rert-butyl  group  was  demonstrated  for  the  first  time  in  the  reaction  of 
l-aryl-2-rert-butyldiazene  1-oxides  with  nitronium  cation  to  yield  l-aryl-2-nitrodiazene 
1-oxides  [7]. 

Very  little  is  known  about  the  second  reactive  fragment  in  Scheme  3,  i.  e.,  the 
diazonio-oxide  cation  -N=N=0'^  (see  ref.  [8]  and  references  there).  According  to 
calculations  [5],  it  could  be  rather  stable  when  connected  with  aryl  moiety.  The  central  N 
atom  should  be  more  electrophilic,  although  the  terminal  N  atom  and  the  oxygen  atom 
could  be  the  electrophilic  centers  too. 

We  suggest  two  new  methods  for  generation  of  diazonio-oxide  cation.  The  first 
one  (Scheme  4)  involves  the  treatment  of  aromatic  amines  with  nitrating  agents  to  give 
nitramine  D,  and  then  dinitramine  E.  The  latter  could  evidently  exist  as  an  equilibrium  of 
covalent  forms  Ei  and  E3,  and  ionic  form  E2.  Herein  we  propose  another,  unusual  type 
of  ionization  of  E3,  resulting  in  diazonio-oxide  cation  and  NOs"  anion  (E4)  formation. 
This  ionic  equilibrium  resembles  ionization  of  N2O5  in  polar  solvents. 


Scheme  4 

H  NO2  ■'NO2  ON02  ^  NOg 

R-N-NO2  — ►  B-N-NOs  R-N-NO2  R-N=N-0  R-N=N=0 

D  Ei  Eg  Eg  E4 

The  second  method  (Scheme  5)  involves  the  reaction  of  aryldiazonium  cation 
with  the  anion  of  peracid  to  give  the  covalent  azo  compound  Fi,  which  could  exist  in 
equilibrium  with  its  ionic  form  Fg. 
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Scheme  5 
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F,  F2 

With  the  first  method,  2-/ert-butyl-NNO-azoxyanilines  are  the  starting 
compounds  for  the  synthesis  of  1 ,2,3,4-tetrazine  1,3-dioxides  fused  to  benzene  ring 
(BTDOs).  The  treatment  of  15  with  excess  N2O5  in  organic  solvent  gave  BTDO  17 
along  with  5-nitro-  (18) ,  7-nitro-  (19)  and  5,7-dinitro-BTDO  20.  On  the  first  stage  of 
this  reaction  nitramine  16  was  formed.  It  was  isolated  when  the  reaction  was  carried  out 
with  one  equiv.  of  NaO.'i.  It  was  shown  by  the  independent  experiment  that  under 
reaction  conditions  BTDO  17  does  not  afford  nitro  BTDOs  18 — 20,  therefore  the 
nitration  of  the  benzene  ring  in  nitramine  16  precedes  the  cyclization. 


Scheme  6 


Thus,  nitramine  16  undergoes  two  competitive  reactions:  C-nitration  and  ring 
closure.  C-nitration  is  supposed  to  proceed  via  rearrangement  of  A^-nitramines  in  acidic 
media  (see  below).  The  product  ratio  depends  on  the  reaction  conditions,  particularly  on 
the  nitrating  agent  and  the  solvent  used.  The  highest  yield  of  17  (66%)  was  reached  with 
N2O5  in  CH3NO2.  The  ring  nitrated  BTDOs  are  predominant  in  CH2CI2  or  in 
trifluoroacetic  acid. 


The  cyclization  of  bromo-substituted  2-/ert-butylazoxy  anilines  21a — h  took 
place  in  practically  similar  conditions.  Good  yields  (70 — 75%)  were  obtained  for  6-  and 
7-substituted  BTDOs  22a,b,f,  in  which  bromine  atoms  were  removed  from  the  reaction 
centers.  When  both  ortho  and  para  positions  of  aniline  21  were  occupied  by  bromine 
atoms  (as  in  21d,h),  the  ring  nitrated  BTDOs  were  not  formed.  In  other  cases  the 
chromatography  was  used  to  remove  these  by-products. 

Scheme  7 
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22a— h 

The  starting  compounds  for  the  second  method  of  BTDO  synthesis  are 
diazonium  salts  23,  obtained  by  diazotization  of  2-rer/-butyl-AWC>-azoxyanilines.  The 
reaction  of  diazonium  salts  with  tn-chloroperbenzoic  acid  can  be  carried  out  in 
acetonitrile  as  a  solvent  in  the  presence  of  pyridine  as  a  base  [9].  The  advantage  of  this 
method  is  the  absence  of  nitrated  by-products.  In  this  case  the  yields  are  comparable  to 
those  of  the  nitration  method. 


The  electrophilic  and  nucleophilic  displacements  in  BTDO  series  were 
investigated.  It  was  shown  that  in  nitration  and  bromination  reactions  the  positions  of 
BTDO  ring  are  arranged  in  order  of  decreasing  reactivity  almost  without  exception: 

5>7»8>6 

The  ring  positions  in  nucleophilic  displacement  are  arranged  in  the  reverse  order. 
Taking  this  into  account,  one  could  synthesize  the  BTDOs  with  different  substituents. 
Some  examples  are  given  in  Scheme  8. 
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Scheme  8 


To  determine  the  scope  of  reaction  we  endeavored  to  synthesize  tetrazine 
dioxides  fused  to  the  furazan  ring.  It  was  found  out  that  the  treatment  of  3-amino-4-fert- 
butylazoxyfurazan  (25)  with  excess  N2O5  gave  3-nitro-4-/crt-butylazoxyfurazan  (26)  [8] 
as  a  main  product  (84%)  instead  of  the  expected  [l,2,5]oxadiazolo[3,4- 
e][l,2,3,4]tetrazine  4,6-di-N-oxide  (24).  Nevertheless,  the  latter  was  obtained  when 
amine  25  was  treated  with  nitronium  tetrafluoroborate  [10]. 
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In  order  to  explain  such  a  great  difference  between  N2O5  and  NO2BF4,  we 
suggest  that  the  ring  formation  is  slowed  down  due  to  strained  transition  state  of  the 
cyclization  reaction.  Therefore,  NO.r  anion  in  E4  is  captured  by  the  terminal  N-atom  of 
N=N=0'^  cation  to  give  unstable  0-nitro-N-nitrosohydroxylamine  E5.  The  latter  loses 
N2O3  to  give  nitroso  compound,  which  is  oxidized  to  nitro  compound  with  excess  N2O5. 
When  NO2BF4  is  used,  the  exchange  of  ligands  results  in  ionic  pair  G,  which  is 
electrophilic  enough  to  react  with  rer/-butylazoxy  group  to  produce  24. 

Scheme  10 
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Tetrazine  dioxide  24  was  obtained  as  yellow  crystals  (m.p.  1 10 — 1 12  °C, 
decomp.)  which  can  be  stored  at  room  temperature.  It  is  not  as  stable  as  benzo 
derivatives,  but  is  much  more  stable  than  the  very  similar  2-phenyl-2/7- 
[l,2,3]triazolo[4,5-e][l,2,3,4]-tetrazine  [6],  which  does  not  bear  Af-oxide  oxygen  atoms. 

o" 

— N-N-N —  fragment 

The  cyclic  anion  28,  including  the  title  fragment,  was  synthesized  for  the  first 
time  by  removing  the  cyanoethyl  group  from  compound  27a  when  treated  with  a  base 
[11].  The  key  stage  in  synthesis  of  the  latter,  as  well  as  in  that  of  the  methyl  derivative 
27b,  was  the  intramolecular  cyclization  of  the  At-nitroso  and  the  azido  groups  in  30.  The 
synthetic  route  involving  the  formation  of  the  N=N=0^  cation  can  also  be  applied.  The 
treatment  of  aminofurazan  32  with  nitronium  tetrafluoroborate  afforded  27b,  presumably 
via  cyclization  of  intermediate  31  followed  by  loss  of  NO2*  cation.  Unfortunately,  the 
yield  in  this  reaction  is  very  low. 


Scheme  11 
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The  methylation  of  the  acid,  obtained  by  acidification  of  salt  28,  with 
diazomethane  resulted  in  A^-methylated  (27b)  and  O-methylated  compound  29,  the  latter 
being  predominant.  This  novel  compound  is  the  representative  of  one  more  type  of  AC- 
compounds. 
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O  _o 

=N-N-N—  fragment 

The  cyclic  anion  36,  including  the  title  fragment,  was  synthesized  for  the  first 
time  by  the  intramolecular  reaction  of  the  N=0  group  and  ferr-butylazoxy  group  in  33 
[12]. 

Scheme  12 


A  priori  this  novel  reaction  could  proceed  by  route  A  or  B  (Scheme  12). 
According  to  route  A,  nitroso  compound  33  is  supposed  to  be  in  equilibrium  with  cyclic 
1,3-dioxide  34.  After  protonation,  the  latter  could  eliminate  ?ert-butyl  cation,  forming  the 
acid  35.  According  to  route  B,  the  protonation  of  nitroso  compound  33  takes  place  first, 
facilitating  the  cyclization.  Route  B  seems  more  probable  because  the  signals  of  cyclic 
compound  34  were  not  observed  in  the  NMR  spectra  of  33. 
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NITROLYSIS  OF  TAT  AND  DADN  WITH  N  A/HNO3: 

FORMATION  OF  a-HMX 
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Abstract:  Following  the  reports  that  nitrolysis  of  TAT  using  P2O5/HNO3  gaye 
impact  insensitiye  a-HMX,  we  haye  inyestigated  the  nitrolysis  of  both  TAT 
and  DADN  using  N2O5/HNO3.  We  found  that  pure  a-HMX  is  only  formed  from 
TAT  if  some  product,  shown  to  be  a-HMX,  separates  from  the  reaction 
mixture  before  quenching  in  water.  If  the  reaction  conditions  are  such  that  no 
product  separates  before  quenching,  eyen  though  nitrolysis  is  complete,  then 
y-HMX,  as  well  as  a-HMX,  can  be  formed.  In  the  case  of  DADN  nitrolysis, 
pure  a-HMX  is  only  formed  if  some  product  separates  before  quenching  and 
the  reaction  mixture  contains  more  than  a  critical  amount  of  acetyl  nitrate.  If 
product  separates  before  quenching  but  insufficient  acetyl  nitrate  is  present, 
then  the  product  isolated  can  be  mixtures  of  a-,  p-  and  y-HMX.  The  yield  of 
HMX  from  DADN  was  consistently  higher  than  that  from  TAT.  The  isolated 
a-HMX  was  found  to  be  somewhat  less  impact  sensitiye  than  a-HMX  formed 
by  recrystallisation,  but  significantly  more  impact  sensitiye  than  p-HMX. 


The  synthesis  of  HMX  by  nitrolysis  of  either  TAT  or  DADN  (see  Scheme)  has 
been  widely  studied  [1].  Howeyer  the  more  recent  reports  by  W.Lukasayage 
et  al  [2a,  2b]  that  nitrolysis  of  TAT  using  P2O5/HNO3  gaye  impact  insensitiye 
a-HMX  (much  less  sensitiye  than  p-HMX),  prompted  us  to  inyestigate  the 
nitrolysis  of  both  TAT  and  DADN  using  N2O5/HNO3. 
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The  procedures  reported  by  Lukasavage  et  al  in  the  two  patents  differ  in  the 
quantity  of  HNO3  used;  the  former  [2a]  uses  10g  HNOj/g  TAT  whiist  the  latter 
[2b]  uses  only  5g  HNOj/g  TAT,  with  the  same  quantity  of  P2O5  (1.4g/g  TAT)  in 
each  case.  In  repeating  these  procedures  (Table  1)  we  observed  that  product 
only  separated  from  the  reaction  mixture  before  quenching  in  water  when  the 
smaller  ratio  of  HNO3  was  used.  The  product  was  found  by  HPLC  analysis  to 
be  largely  (84%)  HMX  contaminated  with  the  mono-acetylated  intermediate 
(SOLEX  [2c],  15%). 


In  adopting  the  use  of  N2O5/HNO3  instead  of  P2O5/HNO3  we  simplisticaliy 
assumed  that  one  P2O5  molecule  is  equivalent  to  three  N2O5  molecules  [3], 
and  used  8.4mol  N205/mol  TAT  instead  of  2.8mol  PjOj/mol  TAT,  with  the 
same  proportions  of  HNO3.  The  first  observation  was  that,  as  in  the  P2O5 
systems,  the  product  only  separated  before  quenching  if  the  lesser  quantity  of 
HNO3  was  used.  Under  the  latter  conditions  the  product  began  to  separate 
after  a  few  hours  and  was  isolated  after  24h  by  addition  to  water  (see  Table 
2).  It  was  identified  by  FTIR  [4,5]  (KBr  disc.  Figures  1a  and  1b)  and  DSC  [4] 
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as  a-HMX  ,  and  was  isolated  in  70-80%  yield  (98-99%  HMX  by  HPLC).  The 
crystalline  appearance  (SEM)  of  authentic  a-HMX  (recrystallised  from  70% 
HNO3)  and  of  the  isolated  a-HMX  is  shown  in  Figures  2a  and  2b  respectively. 
If  the  product  was  filtered  off  without  quenching  in  water,  the  product  was  still 
a-HMX  (Figure  2c)  but  a  much  reduced  yield  (42%)  was  obtained.  This 
indicates  that  before  quenching  in  water  a  significant  proportion  of  the  product 
is  still  in  solution,  and  that  this  part  is  precipitated  as  a-HMX  due  to  the 
presence  of  the  a-HMX  already  separated.  This  observation  led  to  further 
experiments  in  which  a  saturated  solution  of  HMX  in  HNO3  was  added  to  a 
quenched  N2O5/TAT  reaction  mixture,  using  the  latter  as  a  catalyst  for  the 
formation  of  larger  amounts  of  a-HMX  (see  Table  3  and  Figure  2d). 

When  DADN  was  used  instead  of  TAT,  with  the  quantity  of  N2O5  being 
reduced  to  allow  for  the  reduced  nitrolysis  requirement,  the  HMX  that  was 
isolated  on  quenching  in  water  was  not  pure  a-HMX,  even  though  HPLC 
indicated  that  the  nitrolysis  reaction  was  essentially  complete  (98+%  HMX, 
85-92%  yield),  and  that  in  all  cases  product  had  separated  before  quenching. 
The  crystalline  form  of  the  HMX  isolated  in  these  cases  was  unpredictable, 
the  a-,  p-  and  y-forms  all  being  observed  (see  Table  4).  Pure  a-HMX  (77-80% 
yield)  was  however  isolated  if  AC2O  was  added  at  the  beginning  of  the 
nitrolysis.  The  AC2O  was  added  to  compensate  for  the  reduced  amount  of 
acetyl  nitrate  that  would  be  released  on  nitrolysis  of  DADN  compared  to  TAT. 
Clearly  this  was  necessary  in  order  to  control  the  crystallisation  process.  The 
yield  of  HMX,  whether  in  the  a-form  or  not,  was  generally  higher  when  DADN 
was  the  starting  material. 

HPLC  analysis  of  products  isolated  from  TAT  when  reduced  amounts  of  N2O5 
and/or  shorter  reaction  periods  were  employed,  demonstrated  that  both 
DADN  and  the  mono-acetyl  derivative  (SOLEX  [2c])  are  intermediates  in  the 
formation  of  HMX  from  TAT. 
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Rotter  impact  testing  (5kg)  of  authentic  a-HMX,  and  a-HMX  isolated  from  the 
reactions  described  above,  has  demonstrated  (Table  5)  that  the  a-HMX 
isolated  in  this  work  is  somewhat  less  sensitive  than  authentic  (recrystaiiised) 
a-HMX,  but,  contrary  to  the  results  reported  by  Lukasavage  et  al  [2b], 
significantly  more  sensitive  than  normal  p-HMX. 
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Table  1.  Reaction  of  TAT  with  PA/HNO,* 


expt  TAT 

HNO3 

P2O5 

yield 

notes 

9 

g/g  TAT 

g/g  TAT 

g 

1  10.0 

10.0 

1.4 

8.90 

reaction  time  43h 

(85%) 

no  product  separation 
(a-  +  P-HMX) 

2  10.0 

5.0 

1.4 

7.11 

reaction  time  1 9h 
product  separated 
(incomplete  nitrolysis) 

*  Condition  used  in  US  5  124  493  and  5  268  469  respectively 

Table  2.  Reaction  of  TAT  with  NjOs/HNOj 

Expt  TAT 

HNO3 

N205* 

yield 

notes 

9 

g/g  TAT 

g/g  TAT 

g 

3  1.11 

10.0 

3.2 

0.88 

reaction  period  48h 

(76%) 

no  product  separation 
(mainly  o-HMX) 

4  1.14 

10.0 

3.2 

0.97 

reaction  period  45h 

(82%) 

no  product  separation 
(y-HMX) 

5  0.94 

5.0 

3.2 

0.75 

reaction  period  24h 

(77%) 

product  separated 
(a-HMX  -  VMD  8Mm) 

6  1.00 

5.0 

3.2 

0.73 

reaction  period  24h 

(70%) 

product  separated 
(a-HMX- VMD  11pm) 

7.  1.76 

5.0 

3.2 

1.51 

reaction  period  23h 

(82%) 

product  separated 
(a-HMX -VMD  14pm) 

8  2.12 

5.0 

3.2 

1.07 

reaction  period  23h 

(48%) 

product  separated 
-  filtered  off  without 

mixing  with  water, 
washed  with  water 
(a-HMX -VMD  12pm) 

9  0.95 

5.0 

3.2 

0.42 

reaction  period  23h 

(42%) 

product  separated 
-filtered  off  without 
mixing  with  water, 
not  washed  with  water 

(a-HMX -VMD  16pm) 

10  1.38 

7.5 

1.0 

1.28 

reaction  period  6h 
no  product  separation 
(incomplete  nitrolysis) 

3.2g  N205/g  TAT  s  8.4mol  N205/mol  TAT 


Table  3.  Reaction  of  TAT  with  NjOj/HNOj  followed  by  HMX/HNO,  addition 
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Table  4.  Reaction  of  DADN  with  N2O5/HNO3 


expt 

DADN 

9 

HNO3 
g/g  DADN 

N2O5* 
g/g  DADN 

yield 

9 

notes 

14 

0,77 

4.8 

2.4 

0.67 

(85%) 

reaction  period  23h 
product  separated 
(P-  +  a-HMX) 

15 

1.04 

4.8 

2.4 

0.98 

(92%) 

reaction  period  24h 
seeded  with  a-HMX 
product  separated 
(y-HMX) 

16 

1.36 

4.8 

2.4 

1.24 

(89%) 

reaction  period  23h 
seeded  with  a-HMX 
product  separated 
(P-  +  a-orY-HMX) 

17 

0.99 

4.8 

2.4 

0.78 

(77%) 

1  equiv  AcgO  added 
reaction  period  24h 
product  separated 
(a-HMX  -  VMD  10pm) 

18 

0.85 

4.8 

2.4 

0.69 

(80%) 

1  equiv  AC2O  added 
reaction  period  24h 
product  separated 
(a-HMX  -  VMD  Opm) 

*  2.4g  NgOs/g  DADN  s  6.4mol  NgOs/mol  DADN 


Table  5.  Rotter  Impact  Test  Results  (5kg) 

Authentic  a-HMX  (VMD  80nm):  Figure  of  Insensitiveness  (F  of  I):  <7* 

a-HMX  from  reaction  of  TAT  with  NjOj/HNO, 

(i)  quenched  with  water  (VMD  14pm) :  F  of  1 :  17-23* 

(ii)  not  quenched  with  water  (VMD  12pm) :  F  of  1 :  13* 

a-HMX  from  reaction  of  TAT  with  N2O5/HNO3  followed  by  quenching  with 
water,  and  then  addition  of  HMX/HNO3  (VMD  24pm) :  F  of  1 :  33-40* 

a-HMX  from  reaction  of  DADN  with  NjOj/ACjO/HNOj  followed  by  quenching 
with  water  (VMD  17pm) :  F  of  1 :  20-27* 


RDX  =  80  (reference),  p-HMX  =  60,  PETN  =  50,  lead  azide  =  30, 
lead  styphnate  =  20 


Figure  2a.  Authentic  cx-HWIX 
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Figure  2c.  HMX  from  TAT/NjOg/HNOj  without  contact  with  water 


Figure  2d.  HMX  from  TAT/N2O5/HNO3  followed  by  (i)  addition  to  water, 
and  (ii)  addition  of  HMX/HNO3 
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NITRATIONS  WITH  N2O5,  ANHYDROUS  HNO3  AND  THEIR  ADMIXTURES 
George  W.  Nauflett,  Robert  E.  Famcomb,  Kurt  F.  Mueller 
Indian  Head  Division,  Naval  Surface  Warfare  Center 
Indian  Head,  Maryland  20640-5035 

ABSTRACT 

An  energetic  material  synthesis  and  processing  capability  has  been 
developed  using  carbon  dioxide  in  its  liquid  and  supercritical  (L-CO2/SC-CO2) 
states  as  a  reaction  solvent.  This  is  complimented  by  our  use  of  newly 
developed  nitration  methodologies  based  on  dinitrogen  pentoxide,  anhydrous 
nitric  acid  and  their  admixture  which  overcomes  many  of  the  drawbacks  of 
conventional  mixed  acid  (HNO3/H2SO4)  media.  Essential  to  utilization  of  these 
new  nitration  methodologies  is  the  novel  equipment  developed  for  energetic 
materials  processing.  Three  multipurpose  L-CO2/SC-CO2  bench  scale  process 
development  units  (PDU’s)  have  been  designed  and  constructed  at  the  Naval 
Surface  Warfare  Center,  Indian  Head,  MD  for  this  purpose.  In  addition,  a 
100-liter  pilot  scale  plant  was  developed  on  a  Small  Business  Innovation 
Research  (SBIR)  Contract  and  will  be  used  for  inert  L-CO2/SC-CO2  process 
research  and  development  studies.  Synthesis  and  processing  in  liquid  carbon 
dioxide  has  been  expanded  and  adapted  at  NSWC-IHD  to  include  nitration  of 
both  liquids  and  solids.  Further,  in  addition  to  our  use  of  N2O5  generated  by 
the  large  scale  (380  g/h  of  N2O5)  oxidation  of  dinitrogen  tetroxide  with  ozone, 
we  are  investigating  methods  of  preparing  N2O5  by  the  dehydration  of  nitric 
acid  with  P2O5  and  extracting  it  with  L-CO2.  The  use  of  L-CO2  as  a  solvent 
for  N2O5  and  HNO3  offers  significant  environmental  benefits  over 
conventional  nitrating  agents  and  the  primary  focus  of  this  progress  report  is 
to  elaborate  on  the  development  and  demonstration  of  a  unique  energetic 
material  synthesis  and  processing  capability. 

OBJECTIVE 

Our  principal  objective  is  to  develop  and  implement  environmentally 
benign  synthesis  and  processing  methodologies  for  energetic  materials 
manufacturing  using  L-CO2/SC-CO2  as  the  processing  solvent.  This  includes 
the  elimination  of  toxic  solvents,  volatile  organic  compounds  (VOCs),  and 
hazardous  air  pollutants  (HAPs)  during  processing. 
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BACKGROUND 

0-Nitration  of  alcohols  is  carried  out  classically  with  nitric  acid  alone,  or 
more  frequently  with  mixed  acid  (mixtures  of  nitric  and  sulfuric  acid). 
Selective  nitration  of  materials  with  acid-sensitive  moieties  are  commonly 
performed  with  N2O5  at  low  temperature  in  halogenated  solvents  U  Even 
though  the  use  of  N2O5  in  L-CO2  as  nitrating  agent  is  clean,  versatile  and 
offers  significant  environmental  benefits,  no  nitrations  using  N2O5,  anhydrous 
HNO3  and  their  admixture  in  L-CO2  were  previously  reported.  The  primary 
reason  for  the  lack  of  progress  in  the  area  of  L-CO2  synthesis  and  processing 
is  that  the  required  equipment  has  not  been  commercially  available  and  it  is 
very  expensive.  The  use  of  N2O5,  anhydrous  HNO3  and  CO2  require  special 
handling  techniques.  NSWC-IHD  researchers  began  processing  energetic 
materials  in  carbon  dioxide  in  its  liquid  and  supercritical  states  in  the  early 
1980's2.3.  The  initial  work  was  limited  to  analysis  and  characterization  of 
energetics  that  were  manipulated  using  supercritical  carbon  dioxide. 
Development  of  low  cost  novel  SC-CO2  synthesis  and  processing  equipment 
was  funded  by  the  Small  Business  Innovation  Research  Program  (SBIR)3. 

Use  of  liquid  carbon  dioxide  for  processing  is  least  developed  among  the 
four  physical  states  of  CO2,  and  it  has  almost  exclusively  been  used  in  the 
beverage  and  fire-fighting  industries.  Only  within  the  last  few  years  has  it 
been  recognized  as  a  useful  processing  solvent.  Its  properties  are  shown  in 
Figure  1.  Use  of  carbon  dioxide  in  its  liquid  and  supercritical  states  for  the 
synthesis  and  processing  of  polymers  for  commercial  use  is  seen  as  an  area 
of  unlimited  potential  and  has  attracted  intense  interest  within  the  research 
and  development  community.  In  fact,  a  research  team  lead  by  Professor 
Joseph  M.  DeSimone  at  the  University  of  North  Carolina,  Chapel  Hill,  has 
developed  fluorinated  surfactants  that  allow  for  optimization  of  the 
polymers’  properties  during  their  synthesis^-S.  Further,  these  fluorinated 
surfactants  have  also  been  demonstrated  to  be  useful  for  the  dry  cleaning  of 
clothing. 

Carbon  dioxide  exists  as  a  liquid  at  5  to  73  atm.  (75  to  1070  psi)  and  -75 
to  30  °C,  respectively.  Its  critical  temperature  (Tc)  is  31.1  °C  and  critical 
pressure  (Pc)  is  73  atm.  (1074  psi)  as  shown  in  Figure  1. 
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Both  N2O5  and  anhydrous  HNO3  are  soluble  in  L-CO2  which  allows  them 
to  be  added  directly  to  the  substrate  being  nitrated.  Shown  in  Figure  2  is  a 
diagram  of  a  bench  scale  PDU  used  for  synthesis  and  processing  of  up  to  300 
grams  of  energetic  materials.  Shown  in  Figure  3  is  a  diagram  of  the  Center's 
Pilot  Scale  Facility  currently  being  developed  for  the  manufacture  and 
processing  of  0.5  to  12  kg  of  enerjgetic  materials. 

Dinitrogen  pentoxide  (N2O5),  was  prepared  by  dehydrating  anhydrous 
nitric  acid  (HNO3)  with  phosphorous  pentoxide^  as  shown  in  eq  1,  or  by  direct 
Ozonolysis  of  dinitrogen  tetroxide^.S  as  shown  in  eq  2. 

6HNO3  +  P2O5 - >3N205  +  2H3PO4  (1) 

N2O4  +  O3  - >  N2O5  +  O2  (2) 

The  yields  for  both  these  reactions  are  at  the  90%  level  or  better.  Pure  N2O5 
is  a  white,  thermally  labile,  crystalline  solid.  In  the  pure  solid  state,  N2O5 
exhibits  a  half-life  of  10  days  at  0°C  and  10  hours  at  20  °C.  The  solid 
readily  sublimes,  having  a  vapor  pressure  of  51  mm  at  0°C,  200  mm  at 
20°C,  and  one  atmosphere  at  32.5  °C.  The  chemical  properties  pure  nitric 
acid  are:  sp  gr  1.51;  mp  -41.6°C;  bp  86  °C.  The  apparatus  shown  in  Figure  4 
was  designed  and  constructed  for  the  preparation  of  N2O5  and  shown  in  eq  1. 
It  is  anticipated  that  the  N2O5  can  be  extracted  with  L-CO2,  since  nitric  acid 
and  P205have  little  to  no  solubility  in  L-CO2  at  O  °C,  respectively.  Thus  we 
are  currently  investigating  this  process.  Shown  in  Figure  5  and  6  are 
diagrams  of  apparatus  for  nitration  of  liquids  and  solids  with  N2O5,  HNO3  and 
their  admixtures.  A  Navy  Patent  disclosure  has  been  submitted  which  covers 
the  nitrations  of  various  substrates,  including  polyols  in  L-CO2  with  N2O5, 
anhydrous  HNO3  and  its  admixtures^. 

APPROACH 

Carbon  dioxide  in  its  gaseous,  liquid,  solid  and  supercritical  states  has 
been  used  industrially  for  several  decades.  The  equipment  used  for 
industrial  L-CO2/SC-CO2  applications  is  not  suitable  for  energetic  material 
synthesis  and  processing.  The  approach  chosen  was  to  design,  and  construct 
multipurpose  L-CO2/SC-CO2  process  development  units  for  use  with  energetic 
materials  and  to  develop  those  PDU’s  with  the  following  capabilities: 

•  Laboratory  processing  units  ~  1  to  500-mL  vessels 
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•  Bench  scale  processing  units  ~  500  to  3,000-mL  vessels 

•  Pilot  scale  processing  units  ~  3  to  100-liter  vessels 

The  vessel  sizes  for  the  Laboratory/Bench  scale  and  pilot  scale  designation 
were  based  on  engineering  and  handling  considerations.  The  pumping 
capacity  of  the  Thar  Design  P-200  pump  is  200  grams  of  L-C02/min,  the 
largest  vessel  recommended  for  this  pump  is  3-liters.  Shown  in  Table  1  are 
the  weight  of  various  vessels  and  their  tops. 


Table  1.  Thar  Design,  Inc.  Vessel 


Vessel  i.d. 

Vol  Range 

Vessel  vol 

Vessel  wt 

Top  wt 

cm 

Liter 

kg 

kg 

2 

3  -  50-mL 

0.01 

0.5 

0.1 

3 

75  -  1 50-mL 

0.1 

3.0 

0.4 

5.4 

250  -  750-mL 

0.5 

6.6 

1.1 

7.6 

0.75  -  2-L 

1 

15.8 

3 

10.1 

2  -  7.5-L 

2.5 

45.5 

7 

15.0 

5  -  15-L 

16 

159 

23 

20.3 

8  -  100-L 

100 

909 

39 

40.6 

100  -  500-L 

300 

2,700 

181 

61 

400  -  1,000-L 

- 

- 

400 

DEVELOPMENT  OF  A  L-CO2/SC-CO2  SYNTHESIS 
AND  PROCESSING  CAPABILITY 

Considerable  attention  has  been  focused  on  the  development  of  the 
specialized  equipment  required  to  conduct  synthesis  and  processing  of 
energetic  materials  in  liquid  and  supercritical  carbon  dioxide.  Three 
modular,  multipurpose  bench  scale  L-CO2  process  units  were  designed  and 
built.  The  first  PDU  was  painstakingly  constructed  about  ten  years  ago  from 
components  parts  from  about  forty  different  companies. 

The  first  PDU  was  implemented  with  vessels,  pumps,  valves  and  fittings 
made  by  Autoclave  Engineers  of  Erie,  PA,  Newport  Scientific,  Inc.  of  Jessup, 
MD,  and  Fluidtron  Inc.  of  Ivyland,  PA.  The  vessels  were  very  heavy  and 
they  were  time  consuming  to  open  and  close.  The  Newport  Scientific 
compressors,  was  designed  for  gaseous  nitrogen  instead  liquid  CO2.  The 
vessels  and  pumps  used  in  the  second  and  third  PDUs,  were  designed  and 
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built  using  newly  developed  equipment  from  Thar  Design,  Inc.  Pittsburgh, 

PA.  Shown  in  Table  2  is  a  list  of  equipment  developed  by  Thar  Design  Inc.  on 
a  NSWC-IHD  phase  I  &  II  SBIR  contract. 

The  Thar  Design  pumps  are  environmentally  benign,  containing  no  oil, 
pulseless  with  spring-load  Teflon  cup  seals  and  special  coating  for  long  life. 
The  vessel  closure  has  finger-tight  threads  (no  nuts  and  bolts).  NSWC/IHD 
received  the  prototype  of  each  of  the  items  listed  in  Table  2.  The  L-CO2 
pump,  back  pressure  regulator,  and  agitator  have  been  upgraded. 

Table  2.  Thar  Design,  Inc.  Equipment 


•  extraction  vessels  (ranging  from  1-mL  to  100-liter) 

•  agitators 

•  computer  controlled  L-CO2  pumps  (0.2  and  1  kg/min  of  L-CO2) 

•  cyclone  separators 

•  heat  exchangers 

•  electronic  flow  meters 

•  computer  controlled  back  pressure  regulators 

•  PC  Control  and  Software 

•  Pilot  scale,  100  liter  plant 


The  100  liter  L-CO2/SC-CO2  pilot  plant  developed  by  Thar  Design  has  was 
recently  shipped  to  Indian  Head  and  is  currently  being  assembled.  Plans  are 
being  made  to  transition  the  SBIR  Program  to  a  Phase  II  add-on  for  the 
establishment  of  a  0.5  to  12  kg  energetic  materials  synthesis  and  processing 
facility  shown  in  Figure  3. 


EXPERIMENTAL 

1.  Nitration  of  a  liquid  using  N2O5  in  L-CO2 
Preparation  of  Nitratomethyl  methyl  oxetane  (NMMO) 

The  equipment  used  in  this  study  is  shown  in  Figure  5.  It  consists  of  a 
600-mL  pressure  vessel  equipped  with  a  jacket,  a  thermocouple,  rupture 
disk,  an  addition  pump,  and  an  agitator  (sapphire  coated  agitator  shaft  with 
two  impellers  blades).  The  gases  exiting  the  vessel  passed  through  a  valve. 
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product  collection  U-tube,  a  U-tube  containing  sodium  carbonate  (N2O5  trap), 
a  flowmeter,  and  is  vented  to  a  hood. 

Solid  N2O5  (11.3  g,  0.104  mol)  was  added  to  the  nitration  vessel,  and  the 
temperature  was  lowered  to  3  °C  by  circulating  ice  water  through  the  jacket. 
At  a  pressure  of  170  atm,  3-hydroxymethyl-3-methyl  oxetane  (3M30M;  9.5 
g,  0.094  mol)  of  was  pumped  into  the  vessel  at  0.5  mL/min.  at  2+0.5°Q 
while  agitating  at  250  rpm.  The  resulting  NMMO  was  removed  from  the 
reaction  vessel  with  SC-CO2.  The  yield  of  NMMO  was  calcd  97%  (based  on 
NMMO  MW),  and  was  found  to  contain  ca.  2%  of  a  mixture  of  dimers  and 
trimers. 

2.  Nitration  of  a  solid  using  N2O5/L-CO2 
Preparation  of  y-Cyclodextrim  Nitrate  (yCDN) 

The  equipment  used  in  this  study  is  shown  in  Figure  6.  It  consists  of  a 
600-mL  pressure  vessel  equipped  as  in  experiment  as  above,  but  containing 
the  substrate.  An  additional  60-mL  reaction  vessel  was  used  which 
contained  the  nitrating  mixture.  In  this  experiment  no  addition  pump  was 
used. 

(y-Cyclodextrin  (yCD)  is  a  macrocycle  containing  eight  glucose  residues 
connected  via  alpha  1,4-  glycosidic  linkages.  It  has  a  molecular  weight  of 
1297  and  has  24  hydroxyl  groups.) 

yCD  (20  g,  0.015  moles)  was  added  to  the  600-mL  vessel.  N2O5  (44  g, 
0.407  moles,  10  mole  %  excess)  was  added  to  the  60-mL  vessel.  The  agitator 
was  turned  on  and  carbon  dioxide  was  slowly  added  to  both  vessels  until  the 
pressure  was  68  atm  (1,000  psi).  The  -25  °C  cooling  fluid  was  pumped 
through  the  jackets  of  both  vessels.  The  600-mL  vessel's  CO2  addition  valve 
was  closed  and  the  valve  between  the  two  vessels  was  opened.  For  145 
minutes,  1.4  grams  of  C02/minute  was  passed  through  the  two  vessels.  The 
temperature  was  -5-i-0.2°C.  The  pressure  was  slowly  released  and  the 
product  was  poured  into  a  2-L  beaker  containing  sodium  bicarbonate  (80  g, 
0.95  moles)  and  water  (1  L).  The  pressure  vessel  was  rinsed  with  additional 
water  (ca.  700  mL).  The  mixture  was  filtered  and  the  yCDN  was  washed 
twice  with  water  (1.7  L).  The  yield  of  yCDN  was  91%  (26.5  g)  and  the 
nitrogen  content  was  13.5%.  The  DSC  had  an  exotherm  (3,090  joules/g)  at 
192°C 

3.  Nitration  of  3M30M  with  Anhydrous  HNO3  in  L-CO2 

The  equipment  used  in  this  study  is  shown  in  Figure  5.  Anhydrous  nitric 
acid,  (41  g,  0.65  mol,  20%  excess)  was  added  to  the  600-mL  vessel.  Carbon 
dioxide  was  added  with  cooling  until  the  pressure  was  68  atm  (1,000  psi)  at 
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-5°C.  With  the  agitator  turning  at  170  rpm,  poly-3-hydroxymethyl-3- 
methyl  oxetane  (55  g,  0.54  moles)  was  pumped  into  the  nitration  vessel  at  1 
mL/min.  At  end  of  the  addition  the  pressure  was  163  atm  (2,400  psi)  and 
the  temperature  was  -3  °C.  The  pressure  was  released  and  extra  carbon 
dioxide  was  added  to  flush  the  oxides  of  nitrogen  from  the  product.  (The 
equipment  was  modified,  the  bottom  outlet  valve  was  connected  to  a  500-mL 
2-neck  flask,  and  10  atm  carbon  dioxide  added  to  the  top.  The  product  was 
transferred  to  the  500-mL  2-neck  flask  by  opening  the  bottom  outlet  valve 
with  the  vessel  under  10  atm.  The  NMMO  was  washed  with  8%  sodium 
bicarbonate  solution,  water,  and  was  dried.  A  yield  of  57  g  of  a  brown 
viscous  oil  was  obtained  (calcd  72%  based  on  NMMO  MW). 

RESULTS 


NIMMO  and  yCDN 

The  monomer,  3-methyl-3-oxetane-methanol  were  separately  nitrated 
with  dinitrogen  pentoxide  (N2O5)10,  anhydrous  HNO3  and  also  an  admixture 
of  N2O5  and  HNO3  as  shown  in  eq  3  using  L-CO2  as  the  processing  solvent 
producing  the  monomer  3-nitratomethyI-3-methyl  oxetane  (NIMMO).  The 
corresponding  nitration  of  yCD  produced  yCDN. 


CHpH 


1—0 


-1-N2O5  and  or  anhydrous  HNO3 


CO2 

-5“C 


CH  pNO  2 


I — O 


(3) 


3 -methyl -3 -oxetane-  3 -nitratome  thy  1-3 -methyl 

methanol  oxetane  (NIMMO). 

0-Nitration  with  mixture  of  N2O5  and  and  anhydrous  nitric  acid  was 
successfully  demonstrated  on  a  starting  material. 

A  black  coating  formed  on  the  316  stainless  steel  parts  the  first  time  the 
equipment  was  used  for  N2O5  nitration  in  L-CO2  and  the  17-4-PH  stainless 
steel  parts  remained  unchanged. 

The  Thar  Design  carbon  dioxide  extraction  and  processing  equipment 
listed  in  Table  2  has  been  tested  and  evaluated  at  NSWC/IHD  and  in  private 
industry  for  about  five  years,  and  its  performance  has  been  excellent. 
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CONCLUSION 

It  has  been  successfully  demonstrated  that  the  L-CO2/SC-CO2  PDU's 
constructed  for  the  synthesis  and  processing  of  energetic  materials  function 
as  designed.  This  equipment  has  been  found  to  have  a  variety  applications 
in  the  synthesis  and  processing  of  various  energetic  materials.  0-Nitrations 
of  liquids  and  solids  were  successfully  performed  using  N2O5  anhydrous 
HNO3  and  their  admixtures.  Carbon  dioxide  replaced  halogenated  solvents  as 
the  processing  solvent  in  the  nitrations. 
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L-COa  Properties 
Density  0.7  to  1 .2  g/mL 
t,  lOtoSOoCand 
p,  800  to  1,050  psi 


44  g  L-COg  =  55  mL  (0.8  g/mL) 
44  g  G-COa  =  22,400  mL  (STP) 


Figure  1 .  Carbon  Dioxide  Phase  Diagram 
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(1)  CO2  cylinder;  (2)  pressure  gauge;  (3)  valve;  (4)  heat  exchanger  (concentric  1/8  and  3/8  Inch  tubing);  (5)  water  chiller 
with  recirculating  pump;  (6)  computer  pump  controller;  (7)  high  pressure  pump  (0  to  200  g  COgfmin);  (8)  Spm  filter; 

(9)  mpturedisk;  (10)  100-mL  pressure  vessel  with  jacket;  (11)  600-mL  has  three  side  Inlets  (inlet  for  additions,  rupture  disk, 
pressure  gauge);  (12)  addition  pump  (0  to  40  mL/min);  (13)  filter;  (14)  air  motor  with  tachometer  and  agitator; 

(15)  thermocouple;  (15)  U-tube;  (1 6)  U-tube  containing  sodium  carbonate;  (17)  rubber  stopper;  (18)  flowmeter;  (19)  heated 
depressurization;  (20)  cyclone  separator;  (21 )  Dry  Ice  trap;  (22)  carbon  dioxide  purification;  (23)  fiowtotalizer 
(24)  compressor;  (8-liter  carbon  dioxide  storage. 

Figure  2,  Bench  Scaie  Carbon  Dioxide  Synthesis  and  Processing  System 
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Concrete  pad 
14x25  feet 


100-Liter 

vessel 


Control  room 
12  by  12  feet 


20-Liter  cyclone 
separator 
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Pump 


200-Liter  C02Storage 


Chiller 


Hot 

water 


SC-COg 

processing 

unit 


SC 

hydrogenation 


SC 

extraction 
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Liquid  CC^ 
processing 
unit 


Processing 
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Building  1748 
storage 


Bay  2 


Figure  3.  Building  742  Carbon  Dioxide  Processing  Facility 
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Material  to  be 
nitrated  +  NaF 


Cooling  (-25°C) 


Carbon  dioxide  50  to  1 50  atm 
0  to  -25  “C 


SO^  •  SOg 


Cooling  (-25°C) 


Carbon  dioxide  3  to  150  atm 
0  to  -25  “C 


(I)  Valves  (1a)  CO^  addition  to  lower  vessel;  (1b)  connecting  two  vessels;  (1c)  C02addition  to 
upper  vessel;  (Id)  pressure  release;  (2)  600-mL  pressure  vessel  with  jacket;  (3)  rupture  disk; 

(4)  pressure  gauge;  (5)  thermocouple;  (6)  air  motor  with  tachometer;  (7)  pump;  (10)  U-tube; 

(II)  U-tube  containing  sodium  carbonate;  (12)  flowmeter;  (15)  union. 


Figure  4.  Preparation  of  N20g  and  L-CO2  Extraction  with  Subsequent  Nitration 


Figure  5.  Nitration  of  Liquids  in  L-CO^with  N 
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Valve 


Figure  6.  Nitration  of  Solids  in  L-C02With  N2O 
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ABSTRACT 

This  work  includes  synthesis  and  study  of  thermochemical  and  some  other 
properties  of  diaziridines.  Different  methods  for  the  preparation  of  alkylic  and 
functional  derivatives  of  diaziridines  were  develop,  in  particular,  interaction  of 
aldoxime-O-sulfonic  acids  and  other  oxime  esters  with  primary  aliphatic  amines  and 
ammonia  along  with  the  most  feasible  one-step  method  from  carbonyl  compounds, 
amines  and  aminating  reagents  in  water  at  controlled  values  of  medium  pH. 
Alkylation  and  aminomethylation  reactions  of  NH-groups  of  diaziridines  were  also 
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Studied.  As  a  result  of  these  investigations  the  wide  series  of  compounds  with  one,  two 
and  three  diaziridine  cycle  as  well  as  fused  diaziridine-containing  systems  were 
synthesized.  Among  diaziridines  obtained,  there  are  structures  with  the  enthalpy 
formation  of  more  than  1000  Kcal/kg.  The  combustion  and  formation  enthalpies  of  a 
series  of  model  diaziridines  were  determined  by  the  method  of  energy  measurement  in 
a  calorimetric  bomb.  On  the  basis  of  the  obtained  thermochemical  data,  diaziridine 
cycle  strain  energy  was  estimated  as  16-22  Kcal/mol.  An  additive-group  method  was 
developed  for  calculating  of  thermochemical  characteristics  of  diaziridines.  The 
enthalpy  of  formation  and  density  were  calculated  for  the  series  both  obtained  and 
hypothetic  diaziridine  structures. 


INTRODUCTION 

Diaziridines  (cyclic  hydrazines)  -  saturated  three-member  heterocycles  with 
two  nitrogen  atoms,  were  discovered  about  30  years  ago  and  since  then  their 
chemistry  has  rapidly  developed.  In  the  60-70s,  the  most  important  contribution 
in  this  field  was  made  by  German  chemist  Ernst  Schmidt  [1,2].  Later,  other 
chemists  studied  these  compounds  and  several  reviews  were  published  [3,4]. 
Schmitz  offered  several  approaches  to  their  preparation,  showed  that  diaziridines 
were  rather  stable  compounds  and  found  that  they  were  very  convenient 
precursors  for  the  preparation  of  both  unsubstituted  and  mono-  and  N,N’-dialkyl 
hydrazines  [5].  The  synthesis  of  hydrazine  over  diaziridine  derivatives  is  more 
effective  than  the  Raschig  one.  The  undoubted  advantage  of  diaziridines  is  their 
rather  feasible  synthesis  from  accessible  initial  compounds.  Yet  the  known 
methods  allowed  to  obtain  only  the  simplest  types  of  diaziridine  derivatives. 
Meanwhile  it  was  possible  to  foresee  the  high  enthalpy  of  formation  of  this  class 
compounds  as  a  result  of  contributions  from  both  the  hydrazine  fragment  and 
three-member  strained  cycle  and,  in  this  connection,  a  possibility  to  prepare 
energetic  materials  on  their  basis.  The  present  work  deals  with  the  elaboration  of 
new,  common  methods  for  the  synthesis  and  chemical  transformation  of 
diaziridines  and  the  study  on  their  thermochemical  and  some  other  physico¬ 
chemical  properties. 
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SYNTHESIS 

The  formation  of  the  diaziridine  cycle  is  based  on  the  intramolecular 
cyclization  of  N-X-aminal  1,  which  can  be  theoretically  obtained  through  one  of 
three  ways:  1)  by  mixing  of  three  components  (primary  aliphatic  amines  or 
ammonia,  carbonyl  compounds  and  aminating  reagents),  2)  by  the  interaction  of 
imines  (reaction  products  of  carbonyl  compounds  and  amines)  with  aminating 
reagents  and  3)  by  the  interaction  of  primary  aliphatic  amines  or  ammonia  with 
reaction  products  of  carbonyl  compounds  and  aminating  reagents 
(N-chloroamines  or  oxime  esters)  (Scheme  1). 


Scheme  1 


1  2  3 

1  RR  C=0  +  R  NH2  +  R  NHX 

,  +  R^NHX  — 


^NX  +  RNH2 


CH2O  +  RNH2 


r  >  •> 

R,^  NHR  1  N-R 

H  -XL 

J 


R,R|R^,R*=H,AIk 
X  =  Hal,0S03H 


■|j:ti2=nr 


RN^  ^NR 


RCHO  +  H2NOSO3H  [RCH=N0S03iri 

in®c  I—  —I 


-H2S04 


Though  not  all  initial  compounds  can  enter  in  these  three  reactions.  For 
example,  the  interaction  of  formaldehyde  and  primary  aliphatic  amines  leads  to 
hexahydrotriazines  2  instead  of  corresponding  imines  and  interaction  of  aliphatic 
aldehydes  with  hydroxylamine-O-sulfonic  acid  gives  nitriles  4  rather  than 
aldoxime-O-sulfonic  acids  3.  Method  1  has  the  same  defects.  Some  types  of 
diaziridines  have  not  been  obtained  at  all  (e.g.  3-monoalkyldiaziridines, 
diziridines  with  functional  groups,  some  fused  diaziridine  systems).  Chemical 
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transformation  of  diaziridines  has  not  been  practically  studied.  However  some 
reactions,  e.g.  alkylation,  could  be  very  useful  for  the  introduction  of  suitable 
substituents.  In  this  work  all  three  variants  for  the  synthesis  of  diaziridines  were 
studied  in  detail  as  well  as  Mannich  and  alkylation  reactions. 

We  have  shown  for  the  first  time  that  aldoxime-O-sulfonic  acids  3  can  be 
stabilized  like  its  salts  5  with  primary  aliphatic  amines  or  ammonia  (the  latter  - 
only  in  40%  solution  at  lower  temperature)  and  can  be  used  in  the  diaziridinium 
synthesis  with  primary  aliphatic  amines  or  ammonia  to  give  1,3-dialkyldiaziridines 
6a  and  previously  inaccessible  3-monoalkyldiaziridines  6b,  respectively  [6] 
(Scheme  2). 

Scheme  2 


RCHO  +  H2NOSO3H 


HjO 


-10^-S®C 


RCH=N0S03H 


Et3N  (R  NHz;  40%  NH3) 
-  20  1  -  18»C 


=  Et3N"^H,  r’  n"^H3,  n'^H4 


R,  R  =  Aik 


NH 


6b 


This  method  was  broadened  to  prepare  other  diaziridines.  Thus  a  possibility 
of  the  preparation  of  3,3-dialkyl-(8a)  and  l,3,3-trialkyl(8b)diaziridines  from  esters 
of  acetone  oximes  7  ,  containing  the  rests  of  various  acids  was  studied.  Initial  7 
were  synthesized  through  the  interaction  of  acetone  oxime  with  chloroanhydrides 
of  corresponding  acids.  It  was  shown  that  only  7  were  able  to  form  diaziridines 
that  are  stable  to  Beckman  rearrangement  and  have  the  central  atom  of  acid  rest 
(heteroatom  or  carbon  one)  sterically  protected  from  an  attack  of  amine  [7,8].  In 
this  case  amine  attacks  carbon  atom  of  the  imino-group  of  ester  7  followed  by  the 
diaziridine  formation.  It  was  found  that  the  most  appropriate  7  had  the  rests  of 
arylsulfonyl,  alkoxyphosphonic  and  mesityl  acids  (7a-c).  In  acyloximes,  amine 
attacks  the  CO-group  with  the  following  formation  of  corresponding  amides 
(Scheme  3) 
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Scheme  3 


CHj  CH3 

^NOH 


HiC  ,NR 

^NOR  — ^  )<(| 

CH3  H3C  ^NH 

7  8 


CH3  (c);  R  =H,Alk 


Recently  [9,10]  we  succeeded  in  creating  the  simplest  one-step  method  for 
the  synthesis  of  diaziridines  with  different  substituents  at  carbon  and  nitrogen 
atoms  by  the  interaction  of  the  above  components  in  water  with  the  controlled 
value  of  medium  pH.  It  was  found  that  the  maximum  yield  of  diaziridines  from 
carbonyl  compounds,  amines  and  aminating  reagents  in  water  was  achieved  at  a 
certain  pH  value  shifting  towards  the  less  basic  region  with  -I  effect  of 
substituents  in  the  carbonyl  compound  increasing  and  with  pKbh+  of  amine 
decreasing.  The  pH  effect  can  be  explained  by  a  possibility  of  generating  of 
immonium  ion  10  from  intermediate  a-aminocarbinol  9  (Scheme  4). 


1  /Nhr‘_h+ 

R2C0  +  R  X.  ^ 

R  OH  -JJ+ 


R^  _ ^NHR  -  H2O  Rv  +  2 

,  *•  /C=NHR  : 


;cC  +  „ -  , 

R"  OH2  +  H2O 


10 


R^  NHXC-h"^) 


■R  NHX  (+  h"^) 


-HX  R 


“^NR^ 


R,  r‘  ,  R^  =  H,  Aik;  X  =  Hal,  OSO3H 
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REACTIONS 


Diaziridines  6  and  8  have  unsubstituted  nitrogen  atoms  that  could  be  used 
for  the  introduction  of  substituents,  including  those  with  energetic  fragments,  e.g. 
C=C,  C=C,  NO2,  ONOj,  N3  To  achieve  this,  Mannich  (aminomethylation)  and 
alkylation  reactions  were  used.  It  was  shown  that  N,N’ -unsubstituted  diaziridines 
and  N-monosubstituted  diaziridines  could  enter  Mannich  reaction  only  as  NH 
acids.  However  they  successfully  yielded  Mannich  bases  with  more  basic 
compounds,  the  reaction  proceeding  both  inter-  and  intramolecularly  [11-13]. 
Some  examples  of  such  transformation  are  presented  in  Scheme  5. 


Scheme  5 


R 


NH 


NH 

6b 


+  CH2O  +  R2NH 


R 


R  =  Alk,R  =AIk,CH2C=CH(lla) 


NCH2NR2 

NCH2NR2 

11 


R 


NH 


NH 


6b 

N- 


+  CH2O  +  R  NH2 


R  =H,Alk 


'^1 

N- 


NNO 


N- 

■*-^1 

N- 


NH 


12b 


12a 


H2NCH2V  .NR  CH2O  4  / 

X I  — - 

HjC  NH 


N- 


N- 

N- 


NR 


12 


CHj 


N- 


N- 


NNO2 


NH 


12c 


R  =H,CH3 


CH, 


13 


14 
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The  most  convenient  object  for  this  reaction  proved  to  be  3- 
monoalkyldiaziridines  6a.  They  were  able  to  form  Mannich  bases  both  with  two 
molecules  of  secondary  amines  and  with  one  molecule  of  primary  ones  (or 
ammonia).  In  the  former  case  l,2-bis(aminomethyl)diaziridines  11  (including 
l,2-bis(dipropargilaminomethyl)diaziridine  11a)  and  in  latter  -  1,3,5- 
triazabicyclo[3.1.0.]hexanes  12  were  synthesized.  N-Nitroso-  and  N- 
nitroderivatives  12b, c  were  obtained  by  nitrosylating  and  nitration  of  12a.  A  new 
heterocyclic  system  -  l,3,6-triazabicyclo[3.1.0]hexane  14  was  synthesized  by 
intramolecular  Mannich  reaction  of  3-aminomethyldiaziridine  13. 

On  the  study  of  alkylation  it  was  found  that  only  one  nitrogen  atom  of 
N,N' -unsubstituted  diaziridines  6a  and  8a  is  able  to  enter  this  reaction.  The 
second  molecule  of  the  alkylating  reagent  attacks  the  already  alkylated  nitrogen 
atom  similar  to  alkylation  of  hydrazines.  Alkylation  of  N-monosubstituted 
diaziridines  was  carried  out  after  obtaining  their  Na-salt  15  by  the  interaction 
with  NaNH2  in  dipolar  aprotonic  solvents  (tetrahydrofuran,  dioxane).  N,N’-Di- 
sodium  salts  of  diaziridines  were  not  obtained,  probably,  owing  to  low  solubility 
of  initially  formed  mono-Na-salt  15.  Different  functional  groups  (C=C,  CsC) 
were  introduced  into  the  substituents  at  nitrogens  atoms  by  means  of  alkylation,. 
Chemical  transformation  of  other  diaziridines  obtained  (e.g.  compound  16) 
allowed  to  broaden  their  number  (NO2,  N3_  ONO2)  (Scheme  6). 


Scheme  6 


NH 


R  Hal 
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R^NH  (Base) 


R'^NH  R^N-Na  + 
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16 


NR^" 


NR 
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NCH2CH20S02CH3 


NCH2CH2N02(N3) 
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Therefore  during  the  whole  cycle  of  investigations,  a  wide  range  of 
compounds  with  one,  two  and  three  diaziridine  cycles  in  the  molecule  as  well  as 
fused  diaziridine-containing  systems  were  synthesized  and  different  functional 
and  energetic  groups  were  introduced  into  the  substituents.  It  is,  however, 
necessary  to  note  that  the  synthetic  potential  of  the  developed  methods  is  far 
from  being  exhausted. 

The  study  of  physico-chemical  properties  of  the  diaziridines  obtained 
showed  that  the  most  of  their  alkyl  derivatives  were  liquids  with  amine  odor. 
Fused  diaziridines  are  solid  compounds.  Diaziridine  derivatives  are  quite  stable. 
Stability  is  increasing  with  substitution  of  the  NH-group  by  the  NR-group  and 
decreasing  with  substitution  at  carbon  atom.  They  have  low  toxicity  -  some  of 
them  were  proposed  as  drugs.  The  basicity  of  diaziridine  alkyl  derivatives  is  equal 
to  that  of  aniline  derivatives.  The  introduction  of  electron-withdrawing  groups 
into  substituents  decreases  basicity. 

THERMOCHEMISTRY 

To  estimate  energetic  properties  of  diaziridine  derivatives  it  was  necessary 
to  determine  their  thermochemical  characteristics.  Till  now  no  information  on 
thermochemical  properties  of  diaziridines  has  been  available.  We  determined 
experimentally  enthalpies  of  combustion  (-aHc°)  for  seven  model  diaziridine 
derivatives  both  in  solid  and  liquid  state  (see  Table  1).  Enthalpies  of  formation 
for  these  compounds  were  calculated  from  the  data  obtained.  The 
enthalpies  of  combustion  were  found  by  the  method  based  on  the  measurement  of 
combustion  energy  in  a  calorimetric  bomb  with  a  high  oxygen  excess.  The 
measurement  of  combustion  energy  (-AUb’)  was  carried  out  with  the  help  of  a 
hermetic  half-microcalorimeter  with  a  magnetic  mixer,  (the  design  was  described 
in  work  [14]).  The  calibration  of  the  calorimeter  was  carried  out  by  burning 
standard  benzoic  acid  K-1  mark  with  combustion  energy  of  26434.9  j/g.  The  heat 
equivalent  of  the  calorimeter  was  4212.6  j/conv.grad.  The  heat  equivalent 
obtained  was  verified  by  burning  second  standard  substances  -  succine  and  hypure 
acids.  Their  combustion  energies  were  in  good  agreement  with  the  known  data. 
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From  these  results  it  was  found  that  the  calorimeter  in  use  enabled  to  measure 
thermal  effects  of  combustion  reactions  with  ~  0.02  -  0.03%  accuracy. 

The  core  of  the  method  for  energetic  materials  burning  was  described  in 
details  in  work  [15].  To  stabilize  combustion,  a  sample  of  the  investigated 
substance  should  be  burned  together  with  subsidiary  substances  -  phtalic  acid 
dimehtyl  esters  and  benzoic  acid.  The  calculation  of  standard  -aHc°  introduced 
some  corrections;  on  combustion  energy  of  subsidiary  substances,  on  the  heat 
effect  of  nitric  acid  formation,  on  the  heat  exchange  of  a  calorimetric  vessel  with 
an  isothermic  cover  of  the  calorimeter,  on  aoRT,  and  the  like. 

The  calculation  of  standard  formation  enthalpies  for  diaziridines  was 
carried  out  with  the  help  of  the  following  values  of  formation  enthalpies  of 
combustion  products  (aH;®  ):  CO2  (gas):  -393.5  kJ/mol  and  H2O  (liquid):  -285.83 
kJ/mol.  The  thermochemical  characteristics  obtained  were  used  to  a  calculate 
strain  energy  (AHstr)  of  the  diaziridine  cycle.  This  value  was  estimated  as  a 
difference  between  the  experimental  value  of  combustion  enthalpy  and  the  one 
calculated  for  the  hypothetic  nonstrained  state  of  the  molecule  (Table  1). 

The  calculation  of  combustion  enthalpy  was  carried  out  by  the  additive- 
group  method  developed  at  the  Institute  of  Chemical  Physic  RAS.  Strain  energy 
manifested  in  the  interval  of  63-90  kJ/mol  (or  16-22  Kcal/mol)  and  its  middle 
value  is  75  kJ/mol  (or  19  Kcal/mol).  The  obtained  thermochemical  data  could 
contribute  to  the  progress  in  calculation  methods  for  thermochemical 
characteristics  of  nitrogen-containing  organic  compounds.  Some  synthesized 
diaziridines  (both  liquid  and  solid)  are  presented  in  Table  2.  Formation  enthalpies 
for  a  series  of  both  obtained  and  hypothetic  diaziridine  derivatives  were  calculated 
by  the  developed  method  (Tables  2  and  3).  These  tables  data  allow  to  recommend 
some  diaziridine  derivatives  for  their  investigation  as  high  energetic  materials  for 
different  purposes. 


Table  1.  Thermochemical  properties  of  model  diaziridines  obtained 
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37621.5  ±  47.9  9420.0  ±  12.0  195.1  ±  12.0  71.1 
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Table  2.  Synthesized  Diaziridine 


No 

Compounds 

B.p. 

(m.p.) 

°C 

d 

g/cm^ 

DH/> 

Kcal/kg 

(calculated) 

1 

^N-CH2N(CH2C=CH)2 

1 

N-CH2N(CH2C=CH)2 

129/0.5 

Torr 

1.00 

940.0 

2 

,N-CH3 

<1 

N-CH2CH2N3 

51/10  Torr 

1.06 

983.0 

3 

N-CH2CH20N02 

^N-CH2CH20N02 

undistill,  oil 

1.34 

-54.0 

(exp) 

g 

,N-CH2CH=CH2 

^N-CH2CH=CH2 

99/170  Torr 

0.87 

616.0 

5 

A  A 

H3C-N-N-CH2CH2-N-N-CH3 

96/80  Torr 

0.96 

682.0 

6 

A 

N  -CH2CH2-N  -N  -CH3 

-CH2CH2-N -N-CH3 

V 

93/1  Torr 

1.02 

744.0 

g 

H3C— N-NO 

42/1  Torr 
(30) 

1.14 

486.0 

8 

H3C— <^|  V-NO2 

N— / 

51/0.5  Torr 
(39) 

1.21 

347.0 

9 

j — N  N-a 

ChO 

(215) 

1.29 

610.0 
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Table  3.  Hypotetical  Diaziridines 


No 

Compounds 

d* 

g/cm^ 

(calculated) 

DHf 

Kcal/kg 

(calculated) 

1 

,N-CH3 

HC=C-^  1 

N-CHa 

0.89 

1070.0 

2 

[\  .N-CH3 

^C=C^  1 

1/  N-CH3 

0.94 

829.0 

3 

HjC-N^ _  ^N-CHs 

HjC— N  N-CHj 

1.00 

644.0 

H 

HjC-N  N-CHj 

1.02 

1076.0 

5 

.N-CH2CH2N3 

^N-CHaCHaNa 

1.17 

1088.0 

6 

1 

/  N-CHj 

0.89 

533.0 

1 

H3C-N.,^^N-CH3 

H3C— N  N-CH3 

0.97 

682.0 

8 

HjC-N^  A  /N-CH3 

1  >^CH2— N-N— CH2 - <  1 

HaC-N^  N-CHj 

1.06 

710.0 

*)Density  of  compounds  were  calculated  on  the  basis  of  QSPR  (Quantitative 
Structure  -  Properties  Relationships)  approach  (Dr.  T.S.Pivina,  lOCh  RAS) 
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Abstract 


Nitration  reactions  are  employed  to  synthesise  numerous  energetic 
compounds.  Conventional  nitrations  use  electrophilic  reagents;  electron-deficient 
molecules,  such  as  certain  nitrogen  heterocycles  and  polynitroaromatics,  therefore 
react  very  slowly,  giving  low  yields  and  extensive  by-product  formation. 
However,  such  substrates  generally  react  readily  with  nucleophiles  in  high  yield. 
Therefore  reactions  of  heterocycles  and  polynitroaromatics  with  certain  specific 
nucleophiles  were  investigated  in  order  to  generate  intermediates  containing 
'masked'  nitro  groups,  which  could  then  be  converted  to  nitrated  products  by 
simple  oxidation  procedures. 

The  method  was  applied  to  the  nitration  of  several  electron-deficient 
carbocyclic  (i.e.  benzenoid)  or  heterocyclic  aromatic  compounds,  notably 
pyridines  and  diazines.  The  methodology  comprised:-  i)  reacting  a  haloaromatic 
with  a  diarylsulphilimine  or  its  N-  alkali  metal  salt,  thereby  generating  an  N- 
(hetero)aryl-S,S-diarylsulphilimine  derivative,  and  ii)  oxidising  this  intermediate 
under  relatively  mild  conditions  using  a  peroxycarboxylic  acid  such  as  m- 
chloroperbenzoic  acid.  Moderate  to  good  yields  of  the  corresponding  nitro 
products,  including  some  previously  unreported  compounds,  were  obtained.  In 
certain  cases  the  first  step  could  be  accomplished  without  the  necessity  of  a  halo 
precursor,  i.e.  by  vicarious  nucleophilic  substitution.  An  attempted  extension  of 
the  methodology  to  the  aliphatic  series,  where  phosphinimines  were  also 
employed  as  nucleophiles,  was,  however,  largely  unsuccessful. 

The  reversed  dipole  or  'Umpolung'  meAodology  thus  enables  nitrations  to  be 
carried  out  in  many  cases  in  moderate  to  good  yield  where  conventional, 
electrophilic,  methods  have  failed.  A  further  advantage  is  that  the  inU'oduction  of 
nitro  substituents  into  the  aromatic  ring  makes  it  more  labile  to  further 
substitution,  and  thus  potentially  higher  degrees  of  nitration  are  possible. 
Consequently,  access  to  novel  polynitrated  heterocycles,  a  class  of  compound 
particularly  useful  in  energetic  materials  technology,  is  facilitated,  and  indeed 
some  of  the  polynitroheterocycles  so  prepared  are  expected  to  show  potential  as 
novel  energetic  materials,  for  instance  as  ihermally-stable  explosives. 


Introduction 

Nitration  reactions  are  employed  to  synthesise  numerous  energetic  compounds'.  In 
conventional  nitration  reactions,  substrates  are  attacked  by  an  electrophile,  usually  the 
nitronium  ion  N02‘'',  resulting  in  the  substitution,  by  nitro,  of  a  leaving  group  which  is  usually 
hydrogen  (for  C-nitration)  although  other  leaving  groups  are  possible  (e.g.  acyl  moieties  for 
N-nitration,  etc).  The  reactions  are  rapid  and  high-yielding  when  the  substrate  is  electron- 
rich  and  numerous  examples  are  known^;  conversely,  electron-deficient  substrates,  for 
instance  certain  nitrogen  heterocycles,  react  slowly  and  only  under  forcing  conditions,  giving 
low  yields  of  the  desired  nitration  products  and  extensive  by-product  formation,  caused  by 
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reaction  at  alternative  sites  in  the  molecule  (e.g.  cleavage  of  rings,  etc).  For  instance,  the 
nitration  of  pyridine  under  electrophilic  conditions  (potassium  nitrate/  oleum  at  300°C)  yields 
only  4.5%  of  3-nitropyridine^. 

On  the  other  hand,  electron-deficient  substrates  generally  react  readily  with 
nucleophiles  in  high  yield.  It  is  found  that  nitrite  ion  is  not,  however,  a  useful  nucleophile  to 
synthesise  nitro  derivatives,  certainly  in  aromatic  systems'^.  The  reason  is  that  the  negative 
charge  resides  predominantly  on  the  oxygen  atoms  and  hence  displacement  of  for  instance 
halogen  gives  rise  to  nitrite  esters  rather  than  the  desired  nitro  compounds  (Scheme  1);  the 
nitrite  esters  are  hydrolytically  unstable  and  the  isolated  products  in  the  aromatic  series  are 
phenols. 

Ag^NOj- 


R— X 

R— NOj 

+ 

R— ON( 

X  =  halogen 

-AgX 

minor 

product 

major 

product 

Scheme  1 

Therefore  a  new  approach  was  considered  where  reactions  of  heterocycles  and 
polynitroaromatics  with  other  nucleophiles  would  generate  intermediates  containing  'masked' 
nitro  groups,  which  could  then  be  converted  to  nitrated  products  by  simple  oxidation 
procedures.  This  novel  methodology  is  outlined  in  Scheme  2. 


Scheme  2:  Principle  of  'Umpolung'  Nitration 
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It  was  known  from  work  in  the  1980s  that  various  imine  derivatives  of  general 
structure  1  could  be  oxidised  to  nitro  compounds,  notably  phosphinimines  and 
sulphilimines^.  More  recent  reports  had  indicated  that  the  phosphinimine  and  sulphilimine 
precursors  (general  structure  2)  could  act  as  nucleophiles  and  effect  displacement  of  leaving 
groups  such  as  halogen,  particularly  from  heteroaromatic  compounds^.  It  was  considered  that 
both  steps  could  be  combined  into  a  single  synthetic  sequence  wherein  displacement  of  halide 
from  readily  accessible  aromatic  or  heteroaromatic  halo  derivatives  (or  even  displacement  of 
hydrogen  -  see  below)  followed  by  oxidation  would  give  rise  to  the  nitro  products  directly, 
without  the  need  for  isolation  and  further  elaboration  of  nitrogenous  intermediates  such  as 
amines.  Such  a  conversion  would  be  termed  an  'Umpolung'  nitration  because  the  polarity  of 
the  incoming  group  is  reversed  in  the  final  product;  'Umpolung'  (literally  'reversed  dipole') 
conversions  already  exist  for  other  functional  groups,  for  instance  nucleophilic  carbonylation 
is  achieved  via  dithioacetals'^,  and  N-chloroamines  can  effect  electrophilic  amination*, 
reactions  which  normally  occur  by  electrophilic  and  nucleophilic  attack  respectively. 

A  further  advantage  of  the  'Umpolung'  nitration  methodology  was  anticipated, 
namely,  the  introduction  of  nitro  substituents  into  the  aromatic  ring  results  in  an  activating 
effect  which  makes  the  ring  more  labile  to  further  substitution;  thus  potentially  higher  degrees 
of  nitration  are  possible  than  under  electrophilic  conditions.  The  exact  chemistry  by  which 
this  novel  nitration  methodology  was  achieved  will  now  be  described. 

Results 

Nucleophilic  Substitutions 

Since  electron-poor  aromatics  -  pyridines,  pyrimidines  and  pyrazines,  as  well  as 
polynitrobenzenes  -  are  not  readily  nitrated  by  conventional  electrophilic  nitrating  agents, 
these  appeared  obvious  substrates  upon  which  to  investigate  the  novel  methodology  (the 
attempted  application  to  aliphatic  systems  is  described  later).  In  general,  halo  derivatives  of 
these  ting  systems  were  also  widely  available,  and  chloro  compounds  were  chosen  as  the  best 
compromise  between  cost  and  reactivity.  It  was  somewhat  harder  to  predict  the  most  suitable 
nucleophile,  however,  and  some  difficulties  were  encountered  in  early  nucleophilic 
substitution  reactions. 

The  first  nucleophile  chosen  was  N-(trimethylsilyl)triphenylphosphine  (3),  which  had 
been  efficacious  in  the  nucleophilic  substitution  of  heterocycles  with  labile  Cl®*.  However, 
in  our  hands  it  was  almost  entirely  inert  (e.g.  with  2-chloropyridine),  so  attention  was  turned 
to  unsubstituted  phosphinimine  (4)  or  its  salts,  e.g.  5.  With  these  nucleophiles  evidence  was 
indeed  seen  of  halide  displacement,  but  the  heterocyclic  phosphinimine  products  were,  in 
general,  too  unstable  to  be  isolated  on  account  of  their  lability  towards  hydrolysis;  often  the 
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only  isolable  products  were  triphenylphosphine  oxide  and  an  amino  derivative  of  the  starting 
heterocycle.  Hence  attention  was  turned  away  from  phosphinimine  nucleophiles  in  favour  of 
their  sulphur  analogues,  sulphilimines. 

Hi3Pi=N — SiMej  Hi3P=NH  Hi3P=N-  Li-" 

3  4  5 

S,S-Diphenylsulphilimine  (6)  was  known  to  react  with  various  heteroaryl  halides^^  as 
well  as  polynitrochlorobenzenes^,  in  aromatic  nucleophilic  substitutions  to  give  N-aryl-S,S- 
diphenylsulphilimine  products  (Ph2S=NAr).  The  reactions  with  6  (as  the  hydrate)  were 
carried  out  in  100%  molar  excess  (to  remove  hydrogen  halide  co-product),  and  were  also 
found  to  be  sensitive  to  choice  of  solvent,  a  significant  improvement  over  literature  yields 
being  obtained  when  THF  was  used.  The  molecule  is  believed  to  react  through  an  ylid  form 
(7)  which  enhances  the  nucleophilicity  1®. 


+ 

Hi2S=NH  HijS— NH  Ph2S=N-  Li^" 


6 


7 


8 


Table  1:  Formation  of  Sulphilimines  from  Halo  Precursors 


Substrate 

Solvent 

2-Chloro-3-nitropyridine 

EtOH 

7  hr/ A 

9  (76%) 

2-Chloro-5-nitropYridine 

THF 

4  hr/ A 

10  (81%) 

2-Chloro-3,5-dinitropyridine 

- 

0.5  hr/ A 

11  (100%) 

Pentachloropyridine 

8  hr/ A 

12  (44%)* 

2,6-Dichloropyrazine 

wtm 

18  hr/ A 

13(95%) 

2,4-Dichloropyrimidine 

8  hr/ A 

14(48%) 

4,6-Dichloropytiraidine 

SB 

8  hr/ A 

15  (72%) 

2,4,6-Trichloropyrimidine 

II 

4  hr/ A 

16  (36%)  &  17  (53%) 

2,4,5,6-Tetrachloropyrimidine 

wmm 

4  hr/ A 

18(55%)t 

Pentafluoropyridine 

■■1 

6  hr/ A 

2,3,5,6-Tetrafluoropyridine 

wmm 

4  hr/ A 

20  (95%) 

2,4-Dichloro-6-(n-propoxy)-s-triazine 

I^Hi 

3  hr/  room  temp. 

*  2-isomer  (4%)  also  formed;  t  2-isomer  (15%)  also  formed. 
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iX 

OgN  NO2 

IX 

N  N=SPh2 

N  N=SPh2 

N  N=SPh2 

9 

10 

11 

N=SPh2 

PI 

O  O 

o  o 

CI'^N^N=SPh2 

L/l 

(a 

N=SPh2 

12 

13 

14 

Cl 

Ph2S=N^N 

Cl -Cl 

^N‘^N=SPh2" 

N=SPh2 

=  2:16  An 

=  ^•1*  JL 

15 

17 

N=SPh2 

N=SPh2 

'A' 

F  N  N=SPh2 

N-^N 

Pr"0'^N^CI 

19 

20 

21 

The  sulphilimines  which  have  been  prepared  in  this  way  are  shown  in  Table  1^1.  The 
yields  are  in  general  good  to  excellent,  with  single  products  being  formed  cleanly  in  many 
cases.  Disubstitution  did  not  appear  to  occur  without  further  activation  of  the  aromatic 
nucleus  (for  example  with  nitro  group(s)).  Where  by-products  were  formed,  i.e.  isomers  from 
attack  at  a  different  position  on  the  ring,  these  were  easily  separated  by  column 
chromatography. 

In  order  to  enhance  the  nucleophilicity  of  S,S-diphenylsulphillraine  (6)  and  thereby 
extend  the  range  of  heterocyclic  sulphilimines  available,  an  investigation  of  the  behaviour  of 
N-lithio-S,S-diphenylsulphilimine  (8)  was  undertaken.  8  may  be  prepared  either  from  6  or 
from  S,S-diphenylsulphonium  chloride  (22),  in  each  case  by  reaction  with  butyl  lithium.  The 
use  of  8  did  indeed  enable  some  additional  heterocyclic  sulphilimines  to  be  synthesised,  for 
example  pyrazine  23  was  formed  in  12%  yield,  but  little  advantage  was  found  in  other 
reactions  with  chloroheterocycles  as  substrates  (notably,  a  di-(sulphilimino)heterocycle,  24, 
was  formed,  albeit  in  meagre  (3%)  yield). 
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N^N=SPh2 

22  23 

However,  the  greatest  advantage  in  the  use  of  the  N-lithio  salt,  8,  lay  in  its  reactions 
with  substrates  containing  nitro  groups.  In  such  compounds,  for  instance  2-chloro-3- 
nitropyridine,  it  was  found  that  owing  to  the  higher  basicity  of  8  compared  to  6,  attack  took 
place  at  the  4-position  of  the  pyridine  nucleus  (in  addition  to  the  2-position)  with  the 
occurrence  of  displacement  of  hydrogen.  Such  a  displacement  is  termed  a  vicarious 
hydrogen  substitutionl^,  and  the  reaction  was  found  to  be  general  for  several  nitro-containing 
precursors  (Table  2);  carbocyclic  aromatics  (nitrobenzene  derivatives)  behaved  similarly. 
This  is  the  first  reported  instance  of  a  vicarious  substitution  by  a  sulphur  nucleophile  of  this 
type. 


PhaS-NHg-^  Cr 


( 


N=SPh2 

1 

N^N 

Pr'’0'^N‘^N=SPhp 


24 


Table  2:  Formation  of  Sulphilimines  by  Vicarious  Nucleophilic  Substitution 


Substrate 

Conditions 

l-Chloro-4-nitrobenzene 

24  hr/  room  temp. 

25  (19%)* 

1 ,3-Dinitrobenzene 

H  tl  tl  tt 

26  (20%)  &  27  (14%) 

2-Chloro-3-nitropyridine 

9  (34%)  &  28  (49%) 

2-Chloro-5-nitropyridine 

„  „  ..  .. 

29  (4%) 

*  The  yield  was  reduced  (7%)  upon  prolonging  the  reaction  time  (72  hr). 


28 


29 
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Before  turning  to  oxidations,  the  attempted  extension  of  the  methodologies  described 
above  to  aliphatic  systems  should  briefly  be  mentioned.  The  potential  benefits  of  the 
"Umpolung'  nitration  methodology  to  aliphatics  would  be  extensive,  permitting  a  new  entry 
into  such  compounds  without  resort  to  low-yielding  'dirty'  reactions  such  as  nitromercuration- 
demercuration  or  nitrite  additions  under  Schechter-Kaplan  conditions^**,  or  alternatively  gas 
phase  nitrations  *3,  which  are  the  usual  routes  to  nitroaliphatics. 

The  reactions  of  several  alkyl  chlorides,  bromides  and  tosylates,  particularly  tertiary 
compounds  such  as  t-butyl  and  adamantyl,  were  investigated  using  phosphinimine 
nucleophiles,  but  little  evidence  was  obtained  of  nucleophilic  substitution.  It  was  presumed 
that  the  respective  leaving  groups  were  not  sufficiently  activated  towards  nucleophilic 
displacement.  Ultimately,  attention  was  turned  to  allylic  systems,  and  although  no 
phosphinimine  could  be  obtained  from  allyl  chloride  or  crotyl  chloride,  the  desired  reaction 
occurred  with  benzyl  chloride  (Scheme  3),  and  the  phosphinimine  (30)  was  obtained 
quantitatively  when  triphenylphosphinimine  (Ph3P=NH)  was  used  (an  inferior  yield  was 
obtained  with  the  lithium  salt,  Ph3P=N"  Li+).  The  subsequent  reactions  of  30  will  be  covered 
in  the  following  section. 


Oxidations 

In  early  work^a-h  it  was  reported  that  ozone  was  effective  as  an  oxidising  agent  in  the 
conversion  of  phosphinimines  to  nitro  compounds.  However,  in  our  hands  it  was  found  to  be 
almost  completely  ineffective,  and  recourse  was  therefore  made  to  other  reported^*:-® 
oxidants,  notably  m-chloroperbenzoic  acid  (mCPBA).  The  novel  clean  oxidant 
dimethyldioxirane  (DMD)***  was  also  considered,  although  it  was  found  to  be  of  more  limited 
utility  than  mCPBA. 

Because  the  conversion  of  sulphilimines  and  phosphinimines  to  nitro  compounds 
depends  on  oxidation  occurring  at  the  nitrogen  atom  and  not  the  hetero  atom,  choice  of 
oxidising  agent  is  crucial  to  the  success  of  this  step;  the  possible  products  and  co-products 
which  may  be  formed  by  this  reaction  are  shown  (Scheme  4).  In  practice,  because  the 
oxidising  agent  is  always  in  excess,  nitroso  compounds  are  not  isolated  as  products. 
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However,  a  balance  has  to  be  struck  between  formation  of  nitro  product  (oxidation  at 
N)  and  sulphoximine  (oxidation  at  S),  since  under  the  conditions  employed  in  this  work 
further  reaction  of  sulphoximine,  to  yield  the  nitro  group,  does  not  occurl^.  The  sulphoxide 
and  sulphone  products  are  always  formed,  in  variable  amounts,  as  co-products  from  the  N-S 
bond  cleavage  which  yields  the  nitroso  and  nitro  products  already  mentioned.  Similar 
considerations  apply  to  the  oxidation  of  phosphinimines,  although  of  course  far  fewer  of 
these  compounds  were  studied  for  the  reasons  given  earlier  (see  "Nucleophilic 
Substitutions”). 


It  is  found  that  the  oxidation  pathway,  and  hence  the  nitroisulphoximine  ratio, 
depends  strongly  on  the  nature  of  the  oxidising  agent.  Thus  with  electrophilic  oxidising 
agents  such  as  peracids,  nitroso/nitro  product  formation  is  favoured,  whilst  with  neutral  or 
nucleophilic  oxid-ants,  such  as  DMD  and  peracid  salts  respectively,  sulphoximines  are  the 
predominant  products.  The  reason  for  this  effect  can  best  be  understood  if  it  is  remembered 
that  sulphilimines  are  effectively  ylids,  with  contributions  from  dipolar  forms  (e.g.  7:  see 
"Nucleophilic  Substitutions")  which  place  a  partial  negative  charge  on  the  nitrogen  atom; 
hence  electrophilic  oxidants,  i.e.  those  where  the  oxygen  bears  a  partial  positive  charge,  will 
tend  to  react  on  the  nitrogen  atom.  Conversely,  nucleophilic  oxidants,  where  the  oxygen 
bears  a  partial  negative  charge,  will  tend  to  oxidise  the  sulphur  atom.  The  results  of  several 
sulphilimine  oxidations  are  shown  in  Table  3 

It  is  notable  that  the  yield  of  nitro  products  is  quite  variable  (4  to  74%)  and  in  around 
half  of  the  cases  quoted,  sulphoximines  were  obtained  as  major  by-products.  In  two  cases,  no 
nitro  products  were  isolated  although  clearly  S-N  bond  cleavage  had  occurred  as  the 
formation  of  diphenylsulphoxide  was  detected.  The  behaviour  of  the  sulphilimines  towards 
oxidation  is  therefore  influenced  not  only  by  the  oxidant  used  but  also  by  the  structure  of  the 
sulphilimine  itself:  hence  in  some  cases  (e.g.  compounds  13  and  20)  it  is  a  very  good  route  to 
the  nitro  derivatives,  whilst  in  others  (e.g.  9  and  15)  it  is  not  so  efficient.  Nevertheless,  it 
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Table  3:  mCPBA  Oxidations  of  Sulphilimines 


Substrate 

Conditions* 

Product  (Yield) 

2-(S,S-Diphenylsulphilimino)-3-nitropyridine  (9) 

2hr/A/B 

31  (8%) 

2-(S,S-Diphenylsulphilimino)-5-nitropyridine  (10) 

0.5  hr/A/B 

(Ph2SC)2  only) 

2,3.5,6-Tetrachloro-4-(S,S-Diphenylsulphilimino)pyridinel2 

2hr/A/B 

32(24%)  & 
33(40%) 

2-Chloro-6-(S,S-Diphenylsulphilimino)-pyrazine  (13) 

2  hr/ A/C 

34  (60%) 

4-Chloro-6-(S,S-Diphenylsulphilimino)-pyrimidine  ( 15) 

2  hr/A/B 

35  (4%) 

2,3,5,6-Tetrafluoro-4-(S,S-Diphenylsulphilimino)pyridinel9 

18  hr/ A/A 

36(21%)  & 
37(16%) 

2-(S,S-Diphenylsulphilimino)-3,5,6-Trifluoropyridine(20) 

3  hr/A/B 

38  (74%) 

S  ,S-Diphenylsulphiliminopy  razine  ( 23) 

2  hr/ A/C 

(Ph2S02  only) 

l-Chloro-3-(S,S-Diphenylsulphilimino)-4-nitrobenzene  (25) 

2  hr/ A/C 

39(32%)  & 
40(26%) 

Notes  to  Table  3:  *  Sulphilimines  were  refluxed  with  excess  mCPBA  in  1,2-dichloroethane 
for  the  periods  shown.  Workup  is  indicated  by  A  through  C  as  follows: 

A:  By  flash  chromatography 

B:  Product  mixture  chilled  to  -5®C  and  m-chlorobenzoic  acid  removed  by 
filtration. 

C:  Product  mixture  washed  with  aq.  NaOH  and  water  (to  remove  m-chloro¬ 
benzoic  acid). 


38 


11  -  10 


should  be  remembered  that,  compared  with  yields  in  electrophilic  nitrations  of  around  4% 
(see  "Introduction"),  yields  in  the  10  to  30  %  category  are  a  significant  improvement. 


Turning  to  the  behaviour  of  the  aliphatic  phosphinimine  30  (see  "Nucleophilic 
Substitutions"),  a  different  behaviour  was  observed.  Oxidation  of  30  using  either  ozone, 
DMD  or  mCPBA  (Scheme  5)  did  not  give  rise  to  any  nitro  product  (41);  instead,  the  only 


Scheme  5:  Oxidation  of  an  Aliphatic  Phosphinimine 


identifiable  products  were  the  aldehyde  (42)  and  triphenylphosphine  oxide.  The  reasons  for 
this  difference  in  chemistry  from  the  aromatic  systems  probably  lies  in  the  stability  of  the 
carbonyl  product  (42)  which  drives  the  reaction  along  this  pathway  -  one  can  only  speculate 
as  to  which  intermediates  are  involved. 


Applications  to  Energetic  Materials  Synthesis 

Two  reactions  not  hitherto  mentioned  were  selected  as  relevant  to  this  topic;  these  are 
based  on  the  reactions  reported  earlier  but  use  more  highly  derivatised  rings,  one  carbocyclic 
(benzenoid)  and  the  other  heteroaromatic.  The  complete  reactions  are  shown  at  Schemes  6  & 
7. 


Scheme  6:  Synthesis  of  1,2,4-Trinitrohenzene 
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o  - 

48  47 

Scheme  7:  Synthesis  of  Dinitropyridine  Derivatives 


The  sulphilimine  26  (Scheme  6),  synthesised  earlier  by  vicarious  nucleophilic 
substitution  of  1,3-dinitrobenzene  (see  "Nucleophilic  Substitutions"),  is  also  conveniently 
made  by  a  literature  route  from  the  fluoro  precursor  (43)®.  Oxidation  of  26  gives  1,2,4- 
trinitrobenzene  (44),  a  reasonably  stable  high  explosive  related  to  the  well  known  isomer, 
1,3,5-trinitrobenzene,  which  has  been  suggested  as  a  higher  energy  replacement  for  TNTl*. 
It  is  notable  that  this  is  the  first  reported  synthesis  of  a  trinitrobenzene  which  has  not  required 
the  use  of  fuming  mineral  acids,  a  potential  advantage  environmentally. 

In  Scheme  7,  two  of  the  elements  of  the  'Umpolung'  nitration  methodology  are 
combined,  those  of  vicarious  nucleophilic  substitution  of  the  chloronitropyridine  (45),  and  the 
oxidation  of  sulphilimine  intermediate  28  by  mCPBA  (in  ca  20  %  yield).  It  is  anticipated 
that  with  further  optimisation  the  yields  of  such  oxidations  can  be  improved.  Further 
functionalisation  of  the  dinitropyridine  46  is  then  envisaged  along  the  lines  indicated  to  give 
an  aminonitropyridine  47,  which  would  be  susceptible  to  N-oxidation  on  the  heterocyclic 
nitrogen  to  give  48,  a  potential  insensitive  high  explosive  (molecular  formula  C5H4N4O5). 
Compounds  with  structures  of  this  generic  type  have  been  suggested  for  use  in  this 
application^®. 

Conclusions 

Therefore  a  new  type  of  nitration  methodology  has  been  developed  which  facilitates 
the  nitration  of  substrates  deactivated  towards  electrophilic  nitration  methods,  notably 
electron  deficient  heterocycles  including  pyridine  and  various  diazines  (pyrimidines, 
pyrazines)  as  well  as  polynitrated  benzenes.  The  nitration,  an  'Umpolung'  methodology, 
relies  on  the  introduction  of  the  incipient  or  'masked'  nitro  function  as  a  nucleophile,  most 
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efficaciously  a  sulphilimine,  which  is  converted  to  the  desired  nitro  group  in  a  separate 
oxidation  step.  Although  overall  yields  as  high  as  60-70%  have  been  obtained,  in  some  cases 
yields  fall  below  10%;  nevertheless,  these  lower  figures  are  still  an  improvement  on  those 
obtained  by  conventional  electrophilic  nitration. 

The  methodology  offers  promise  in  the  generation  of  novel  energetic  materials,  or  in 
the  improved  preparation  of  known  materials,  and  one  example  is  given  of  each.  With  further 
development,  it  opens  the  door  to  new  generations  of  energetic  materials,  particularly  those 
with  high  nitro  content,  which  should  fulfil  the  requirements  of  future  military  research 
programmes. 
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Zusammenmfassung 

Bei  Festtreib-  und  Explosivstoffen  kommt  dem  partikularen  Fullstoff  eine  besondere 
Bedeutung  zu.  Die  Rekristallisation  der  Explosivstoffpartikel  erfoigt  je  nach  stoffspe- 
zifischen  Eigenschaften  mit  unterschiedlichen  verfahrenstechnischen  Prozessen. 
Neben  der  Zerkleinerung,  der  Spruhkristallisation  und  der  Kristallisation  aus  L6sun- 
gen  finden  auch  neue  Verfahren  wie  die  Kristallisation  unter  Anwendung  kompri- 
mierter  Case  und  die  Emulsionskristallisation  immer  mehr  Anwendung.  Zur  Beurtei- 
lung  des  Herstellungsprozesses  und  der  Produktqualitat  ist  eine  detaillierte  Charak- 
terisierung  der  Partikel  notwendig.  Ein  wichtiges  Merkmal  bei  der  Charakterisierung 
partikularer  Systeme  ist  die  PartikelgroBe  und  die  GroSenverteilung,  die  in  diesem 
Beitrag  ausfuhrlich  diskutiert  werden. 
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1.  Einleitung 

Festtreib-  und  Explosivstoffe  sind  oft  hochgefiillte  Polymersysteme.  Bei  diesen  parti- 
kularen  Systemen,  die  aus  bis  zu  90  wt.  %  Fiillstoff  bestehen  konnen,  kommt  den 
Fullstoffpartikein  eine  besondere  Bedeutung  zu.  Je  nach  Anwendungsgebiet  warden 
an  die  Oxidatoren  bzw.  die  energetischen  Fullstoffe  spezielle  Anforderungen  bezQg- 
lich  der  Partikeleigenschaften  gestellt. 

Die  Herstellung  der  Explosivstoffpartikel  bzw.  die  Rekristallisation  der  partikularen 
Fiillstoffkomponenten  ist  ein  Verfahrensschritt  der  zwischen  der  Explosivstoff- 
synthese  und  der  Verarbeitung  der  Festtreib-  und  Explosivstoffe  angeordnet  ist 
(sieheAbb.  1). 


Abb.  1 :  Teilschritte  bei  der  Herstellung  Energetischer  Materialien 


Durch  den  Einsatz  unterschiedlicher  verfahrenstechnischer  Prozesse  zur  Partikel- 
herstellung  und  Rekristallisation  warden  die  Eigenschaften  der  synthetisierten  parti¬ 
kularen  Fullstoffkomponenten  so  ver§ndert,  daS  u.a.  eine  bessere  Verarbeitbarkeit 
der  Explosivstoffe  erreicht  wird  Oder  z.B.  durch  eine  groBere  spezifische  OberflSche 
die  Abbrandeigenschaften  beeinfluBt  warden.  Durch  die  gezielt  auf  das  Produkt  ab- 
gestimmte  Herstellung  der  Partikel  konnen  unterschiedliche  spezifische  Eigenschaf¬ 
ten  der  Explosivstoffpartikel  realisiert  warden: 


12-3 


•  unterschiedliche  mittlere  Partikeldurchmesser 

•  enge  PartikelgroBenverteilungen 

•  definierte  Partikelform,  Morphologie 

•  fehlstellenarme  (-freie)  Kristalle 

•  hohere  Reinheit 

Im  folgenden  warden  verschiedene  Verfahren  zur  Herstellung  von  Explosivstoff- 
partikeln  vorgestellt.  Desweiteren  werden  in  diesem  Beitrag  einige  Moglichkeiten,  zur 
Beurteilung  der  Qualitat  der  Explosivstoffpartikel  und  der  Charakterisierung  dieser 
partikularen  Systeme  diskutiert.  Eine  ausfOhrliche  Charakterisierung  der  Partikel  ist 
sowohl  zur  Produktverbesserung  und  zur  Qualitatssicherung,  als  auch  zur  Verbesse- 
rung  der  Herstellungsprozesse  und  alter  weiteren  Verarbeitungsschritte  dringend 
erforderlich. 

2.  Partikelherstellung 

In  AbhSngigkeit  der  stofflichen  Eigenschaften  und  der  geforderten  ZielgrbBen,  wie 
die  mittlere  PartikelgroBe  oJ.,  werden  unterschiedliche  verfahrenstechnische  Pro- 
zesse  zur  Herstellung  von  Explosivstoffpartikein  eingesetzt : 

•  Zerkleinerung 

•  Kristallisation  aus  Ldsungen 

•  Kristallisation  unter  Anwendung  komprimierter  Case 

•  Emulsionskristallisation 

•  Spruhkristallisation/SprOhtrocknung 

•  Coating  von  partikularen  Systemen 

2.1  Zerkleinerung 

Bei  dem  Vorgang  der  Zerkleinerung  wird  das  Feststoffgefuge  unter  Einwirkung  me- 
chanischer  Krafte  zerteilt  und  somit  die  Dispersitat  des  Feststoffes  erhoht.  Da  bei  der 
Feststoffzerkleinerung  eine  Reihe  physikalisch  schwer  zu  deutender  Effekte,  wie  z.B. 
unterschiedliche  Materialharte,  Gefiigeaufbau  und  Beanspruchungsart  zu- 
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sammenwirken,  ist  die  Zerkleinerung  in  hohem  MalJe  eine  Domane  der  Empirie.  Eine 
theoretische  Beschreibung  ist  heutzutage  nur  phanomenologisch  moglich.  Hieraus 
resultiert,  daS  eine  Vielzahl  von  unterschiedlichen  Zerkleinerungsapparaten  mit  un- 
terschiedlichen  Arbeitsweisen  entwickelt  \worden  sind.  Folgende  Miihlentypen  sind 
zur  Zerkleinerung  von  Explosivstoffen  geeignet: 

•  Zahnkranzdispergierapparate 

•  Kolloidmiihlen 

•  Kugelmuhlen 

•  SchwingmCihlen 

•  Strahlmtihlen 

Zur  Zerkleinerung  von  Explosivstoffkomponenten  sollte  u.a.  aus  Griinden  der  Si- 
cherheit  der  ProzelJ  der  NaSmahlung  bevorzugt  Anwrendung  finden.  Ein  Vorteil  der 
NaBmahlung  liegt  darin,  daS  ftir  die  gleiche  Produktmenge  ein  geringerer  Energie- 
aufw/and  als  bei  der  Trockenzerkleinerung  erforderlich  ist,  weil  durch  die  hbhere  Vis- 
kositat  der  FIQssigkeit,  im  Gegensatz  zu  Luft  als  kontinuierliche  Phase,  gOnstigere 
Verhaitnisse  der  KraftCibertragung  auf  die  zu  mahlenden  Partikel  geschaffen  warden. 

Die  Zerkleinerung  von  RDX,  HMX  Oder  CL20  in  waSriger  Suspension  kann  bis  zu 
einem  Partikeldurchmesser  von  x  >  5  pm  mit  dem  in  Abbildung  2  dargestellten  Zahn- 
kranzdispergierer  erfolgen. 


Abb  2:  Zahnkranzdispergierer 
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Dieser  Zahnkranzdispergierer  besteht  aus  einem  Stator  mit  8  schragen  Schlitzen 
und  einem  Rotor  mit  6  Zahnen.  Die  Rotordrehzahl  kann  im  Bereich  von  3.000  min'^  < 
n  <  20.000  min"^  variiert  werden,  so  daB  maximale  Umfangsgeschwindigkeiten  von  u 

=  16,8  '^realisiert  werden  kdnnen.  Die  Partikel  und  die  kontinuierliche  Phase  der 
Suspension  stromen  zentral  in  den  Zahnkranzdispergierer  ein  und  werden  nach  der 
Zerkleinerung  tangential  nach  auBen  gefdrdert.  Abbildung  3  zeigt  mittels  Zahn¬ 
kranzdispergierer  zerkleinertes  CL20.  Die  mittlere  PartikelgroBe  betragt  5  pm. 


Abb.  3  :  CL20  ;  NaBmahlung:  Zahnkranzdispergierer 

Aus  dieser  Abbildung  wird  ersichtlich,  daB  die  Partikel  nach  einem  Zerkleinerungs- 
prozeB  kein  homogenes  Oberflachengefuge  besitzen.  An  den  Primarpartikein  haften 
kleine  Sekundarpartikel  bzw.  Kristallbruchstucke.  Beim  Mahivorgang  werden  dem 
Partikel  hohe  Scher-  Oder  Prallbeanspruchungen  aufgepragt,  so  daB  sich  Im  Kri- 
stallinneren  veranderte  SpannungszustSnde  aufbauen.  AuBerdem  ergeben  sich  bei 
der  Zerkleinerung  oft  breite  PartikelgroBenverteilungen,  was  eine  anschlieBende 
Klassierung  erforderlich  macht.  Abbildung  4  zeigt  die  Volumensummen-  Q3(x)  und 
die  Volumendichteverteilung  q3(x)  von  Oktogen,  welches  mit  Ultraschall  im  Batch- 
Verfahren  zerkleinert  wurde. 
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Partikeldurchmesser  x  / 

Abb.  4:  Volumensummen-Q3(x)  und  Volumendichteverteilung  q3(x) 
Oktogen;  Ultraschallzerkleinerung 


Der  mittlere  Partikeldurchmesser  betragt  X503  =  4,8  nm  und  die  Dispersitat  K  =  0,456. 

Eine  Moglichkeit  der  Trockenmahlung  von  Explosivstoffen  bieten  die  Strahimuhlen. 
In  Strahimuhlen  wird  das  Mahlgut  in  einem  expandierten  Gasstrahl  von  Schall-  bzw. 
Oberschallgeschwindigkeit  suspendiert  und  durch  Prall  und  Abrieb  (Wand  und  Parti- 
kel/  Partikel  -  Wechselwirkungen)  zerkleinert.  Bei  Strahimuhlen  kdnnen  die  Mahl- 
raumabmessungen  und  somit  die  Produktmengen  sehr  klein  gehalten  werden.  Auch 
die  Venweilzeit  der  Partikel  im  ZerkleinerungsprozeB  ist  sehr  gering.  Diese  Beson- 
derheiten  der  Strahimahlung  machen  diesen  ProzeB  besonders  geeignet  zur 
Feinstzerkleinerung  von  Explosivstoffen.  Ein  weiterer  Vorteil  ist,  dalJ  Strahimiihlen 
durch  das  verwendete  Gas  einen  Selbstkiihleffekt  besitzen.  Besonders  geeignet  sind 
Strahimuhlen  zur  Zerkleinerung  von  Ammoniumperchlorat  (AP)  und  Kaliumperchlorat 
(KP),  wo  PartikelgrdBen  von  ca.  3  pm  erreicht  werden. 
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2.2  Kristallisation  aus  Losungen 

Im  Gegensatz  zu  den  Zerkleinerungsverfahren,  bei  denen  die  Partikel  hohen  me- 
chanischen  Belastungen  unterworfen  sind,  bietet  das  Verfahren  der  Kristallisation 
zur  Herstellung  von  Expiosivstoffpartikein  wesentliche  Vorteile.  Die  Kristalle  konnen 
relativ  langsam  spannungsfrei  wachsen  und  besitzen  nach  Beendigung  des  Kristalli- 
sationsvorgangs  eine  definierte  Kristallstruktur  und  -  form. 

Die  Kristallisation  ist  eine  verfahrenstechnische  Grundoperation,  die  je  nach  Ld- 
sungsverhalten  des  kristallisierenden  Feststoffes  durch  Kiihlen  einer  gesattigten  L6- 
sung  Oder  Verdampfen  von  Ldsungsmittelanteilen  erfolgen  kann.  Je  nach  der  Art, 
wie  die  erforderliche  Obersattigung  der  Kristallisationsidsung  erzeugt  wird,  unter- 
scheidet  man  zwischen; 

-  Ktihlungskristallisation 

-  Verdampfungskristallisation 

-  Vakuumkristallisation 

-  Verdr§ngungskristallisation 

Die  Wahl  des  geeigneten  Kristallisationsverfahrens  hangt  vom  Verlauf  der  Lds- 
lichkeitskurve  ab,  Steigt  die  Loslichkeit  mit  der  Temperatur,  so  soiite  die  Obersatti¬ 
gung  durch  Kuhlen  erzielt  warden.  Eine  sehr  flache  Loslichkeitsfunktion  erfordert 
neben  dem  Kuhlen  noch  eine  Verdampfung  des  Losungsmittels. 

Die  Form  des  entstehenden  Kristallhabitus  ist  aufgrund  der  flachenspezifischen 
Wechselwirkungen  zwischen  Kristall  und  Ldsungsmittel  sehr  stark  von  den  einge- 
setzten  Ldsungsmittein  abhangig,  so  dalS  bei  der  Kristallisation  die  Mbglichkeit  be- 
steht,  den  Habitus  bezQgiich  der  weiteren  Verarbeitung  zu  optimieren.  Abbildung  5 
zeigt  Oktogen-Kristalle,  die  in  verschiedenen  Ldsungsmittein  rekristallisiert  wurden. 
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Abb.  5;  Oktogenkristalle 


In  der  Kristallisation  unterscheidet  man  zwei  wichtige  Mechanismen  : 

-  Keimbildung 

-  Kristallwachstum 

Durch  Stdren  des  Ldsungsgleichgewichts  durch  Obersattigung  der  Losungen  kommt 
es  zur  Kristallkeimbildung.  Durch  Aniagerung  von  Molekulen  Oder  lonen  aus  der 
Qbersattigten  Ldsung  an  den  FlSchen  des  Kristallkeims  erfoigt  dann  das  Wachstum 
des  Kristalls.  Durch  Steuerung  eines  Wachstumsprozesses  kdnnen  die  Eigen- 
schaften  der  Kristalle  gezielt  beeinfluBt  werden.  So  besteht  z.B.  die  Moglichkeit,  fehl- 
stellenarme  (-freie)  Kristalle  zu  zuchten.  Abbildung  6  zeigt  GAP-Test  Ergebnisse 
von  PBX,  die  aus  HTPB  und  in  Propylencarbonat  umkristaliisierten  Oktogen- 
Kristallen  (c=70  wt%)  gefertigt  worden  sind. 


Dichte  /gfcm’ 

Abb.  6  :  GAP-Test:  HMX-Kristalle  in  Propylencarbonat  rekristallisiert 
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Mit  zunehmender  Dichte  wird  die  innere  Qualitat  der  Kristalle  verbessert,  d.h.  es  sind 
weniger  Fehlstellen  in  den  Kristallen  vorhanden.  Abbiidung  6  macht  deutlich,  daS  die 
rekristallierten  HMX-Partikel  aufgrund  der  Reduzierung  der  inneren  Fehistellen  we- 
sentlich  unempfindiicher  sind. 


2.4  Kristallisation  unter  Anwendung  uberkritischer  Fluide 

Eine  weitere  Moglichkeit  zur  Kristallisation  von  Explosivstoffkomponenten  bieten  die 
Verfahren  der  Kristaliisation  unter  Anwendung  komprimierter  Case. 

Diese  neuen  Verfahren  eignen  sich  insbesondere  zur  Hersteilung  von  fehistelien- 
armen  Mikropartikein  (Submikronbereich)  mit  enger  Partikelgrolienverteilung.  Die 
besonderen  Eigenschaften  hochkomprimierter  Gase  erlauben  es,  die  Anforderungen 
an  die  Expiosivstoffpartikei  in  einem  groGen  Bereich  zu  variieren  /1/. 

Zur  Hersteilung  der  Expiosivstoffpartikei  stehen  drei  unterschiedliche  Verfahren  zur 
Verfiigung: 

Der  RESS-ProzeG  (Rapid  Expansion  of  Supercritical  Solutions)  wird  fOr  die  Explo- 
sivstoffe  eingesetzt,  die  sich  in  reinem  uberkritischem  Fluid  Oder  unter  Zugabe  von 
Modifiern  losen.  Die  Bildung  der  Partikel  erfoigt  durch  schnelle  Expansion  des  mit 
Feststoff  beladenen  iiberkritischen  Fluids  iiber  eine  Duse.  Der  Druck  p  und  die  Tem- 
peratur  T  warden  durch  die  schnelle  Expansion  stark  reduziert,  so  daB  eine  hohe, 
lokale  Obersattigung  der  Losung  und  Keimbildung  im  Freistrahl  erfolgen  kann.  Be- 
dingt  durch  die  schnelle  Expansion  in  der  Duse  ist  das  primare  Einsatzgebiet  dieses 
Prozesses  die  Hersteilung  feiner,  engverteilter  Partikel.  Da  hier  keine  klassischen 
LQsungsmittel  eingesetzt  warden  und  die  Kristallbildung  relativ  schnell  erfoigt,  kon- 
nen  Kristallfehler  durch  Losungsmitteleinschliisse  vermieden  warden.  Abbiidung  7 
zeigt  schematisch  den  Aufbau  der  RESS-Pilotanlage. 
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(W1-4)  Warmeubertrager  (FI)  Massenstrombestimmung 

(FL)  Fliissigkeitsspeicher  (D)  Druckregelung 

(P)  Hochdruckpumpe 

Abb.  7 :  RESS-Pilotanlage 

Mit  der  im  rechten  Tell  der  Aniage  dargestellten  Pumpen/Warmetauscher-Einheit 
erfoigt  die  Komprimierung  und  Temperierung  des  Gases  auf  Qberkritische  Bedingun- 
gen.  Das  Qberkritische  Fluid  IQst  den  im  Extraktor  (B1)  vorgelegten  Explosivstoff.  Die 
beladene  Qberkritische  Losung  wird  dann  Qber  eine  DQse  zerstaubt.  Abbildung  8 
zeigt  zwei  Fotos  von  in  Qberkritischem  Kohiendioxid  auskristallierten  TNT-Partikeln. 


i 


Abb.  8 :  TNT-Partikel 
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Die  in  CO2  (statischer  Versuch)  kristallisierten  TNT-Partikel  zeigen  das  fCir  TNT  typi- 
sche,  nadelige  Kristallisationsverhalten.  Durch  den  Prozeli  der  schnellen  Expansion 
beim  RESS-Verfahren  kann  die  Ausbildung  des  Kristallhabitus  verifiziert  werden  (s. 
Abb.  8,  b.).  Die  mittlere  PartikelgraUe  der  TNT-Partikel  betragtXso  j  =  10  pm. 

Abbildung  9  zeigt  NTO-Partikel  die  mittels  RESS-ProzeS  und  iSberkritischem  CO2 
rekristallisiert  warden. 


Abb.  9  :  NTO-Partikel;  RESS-ProzeS 

Auch  bei  NTO  konnen  PrirnSrpartikel  im  Submikronbereich  erzeugt  werden,  aller- 
dings  ist  in  zukunftigen  Arbeiten  die  Agglomerationsneigung  von  NTO  zu  untersu- 
chen. 

Bei  vorliegender  NICHT-Loslichkeit  der  Explosivstoffe  in  uberkritischen  Fluiden,  wird 
das  verdichtete  Gas  als  Anti-Solvent  eingesetzt,  urn  den  in  einem  klassischen  L6- 
sungsmittel  gelosten  Explosivstoff  zu  rekristallisieren.  Die  Absorption  des  verdich- 
teten  Gases  in  das  Ldsungsmittel  fiihrt  zur  Expansion  der  fliissigen  Phase.  Die  Zu- 
nahme  des  spezifischen  Volumens  der  Losung,  d.h.  die  Verminderung  der  Dichte, 
bewirkt  eine  Reduzierung  des  Losevermogens  des  LOsungsmittels,  so  daU  Explosiv- 
stoffpartikel  auskristallisieren.  Hierzu  stehen  zwei  Verfahrensvarianten  zur  Verfiigung 

•  Die  beladene  Losung  wird  in  einem  Kristallisationsbehalter  vorgelegt  und  das  ver¬ 
dichtete  Gas  zugefuhrt. 

•  Die  Losung  und  das  verdichtete  Gas  werden  gleichzeitig,  vorzugsweise  im  Ge- 
genstrom  in  eine  Kristallisationskolonne  eingedust.  Diese  Vorgehensweise  er- 
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mOglicht  eine  schnelle  Diffusion  des  Gases  in  die  Tropfen,  was  zu  einer 
,Ausfallung“  feiner  Explosivstoffpartikel  fuhrt.  Dieses  Verfahren  wird  als  PCA-Pro- 
zeU  (Preciption  with  a  Compressed  Fluid  Anti-Solvent)  bezeichnet.  Abbildung  10 
zeigt  schematisch  das  FlieUbild  der  PCA-Anlage. 

LOsungsmittelbehalter 


Abb.  10 :  PCA-Kristallisationsanlage. 

2.4  Emulsionskristallisation 

Das  Verfahren  der  Emulsionskristallisation  ist  insbesondere  zur  Rekristallisation  von 
schmelzbaren  Treib-  und  Explosivstoffkomponenten  geeignet.  Mit  diesem  ProzeS 
konnen  spharische  Partikel  des  bei  ca.  92  °C  schmelzenden  Oxidators  Ammonium- 
dinitramid  (ADN)  hergestellt  warden. 

Der  EmulsionskristallisationsprozeB  gliedert  sich  in  zwei  wesentliche  Teilschritte: 

1.  Herstellung  eines  flussig/flussig-Mehrphasensystems  mit  ADN-Schmelze  als  dis¬ 
perse  Phase  und  einer  gegenuber  ADN  nicht  loslichen  und  nicht  mischbaren  kon- 
tinuierlichen  Phase.  Der  Tropfenaufbruch  und  die  Erzeugung  der  Emulsion  erfoigt 
durch  den  Eintrag  mechanischer  Energie,  z.B.  durch  einen  Zahnkranzdispergierer 
(s.  Abb.  2)  Oder  einen  geeigneten  Ruhrer. 
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2.  Kristallisation  der  Emulsionstropfen  zu  fasten,  spharischen  ADN-Partikeln.  Da  die 
ADN-Tropfen  ein  stark  inhibiertes  Materialverhalten  zeigen,  ist  auch  im  zweiten 
Teilschritt  der  Eintrag  mechanischer  Energie  erforderlich.  Neben  der  Abkuhlung 
auf  Temperaturen  unterhalb  der  Schmelztemperatur  sind  zur  Rekristallisation  der 
ADN-Tropfen  zusatzlich  mechanische  Energie  Oder  Partikel/Partikel-Wechsel- 
wirkungen  erforderlich.  Durch  diesen  lokalen  Energieeintrag  erfoigt  die  Initiierung 
des  Kristallisationsvorganges. 

Mit  der  Methode  der  Emulsionskristallisation  konnen  ADN-Partikel  im  Bereich  5  pm  < 
X5o,3  <  800  pm  hergestellt  warden.  Abbildung  11  zeigt  ADN-Partikel,  die  durch  Emul¬ 
sionskristallisation  hergestellt  worden  sind. 


Abb.  11  ;  ADN-Partikel,  Emulsionskristallisation 

2.5  Spriihkristallisation  /  Spriihtrocknung 

Auch  die  Spriihkristallisation  ist  ein  aus  zwei  Teilschritten  bestehender  ProzeR.  Im 
ersten  Teilschritt  erfoigt  die  Zerstaubung  der  Fliissigkeit  zu  Tropfen  und  im  Zweiten 
die  Trocknung  bzw.  die  Kristallisation  der  Tropfen  zu  spharischen  Partikeln.  Beim 
Einsatz  von  Zweistoffdiisen  mit  konzentrischer  Gas-und  Flussigkeitsfiihrung  ergibt 
sich  in  Abhangigkeit  der  Oberflachenspannung  o  und  des  Volumenstromes  Vp  der 
Flussigkeit,  der  Dichte  pQ  und  dem  Volumenstrom  Vq  des  Gases  sowie  der  Relativ- 
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geschwindigkeit  w  zwischen  Gas  und  Flussigkeit  ein  mittlerer  Tropfendurchmesser 
x„von: 


*0,58- 


w^Pg 


+  1,6 


vVg/ 


(1) 


Die  Relativgeschwindigkeit  ist  auch  eine  Funktion  des  Zerstaubungsdruckes.  Wird 
die  Auslaufgeschwindigkeit  u  der  Flussigkeit  (z.B.  durch  Verringerung  der  FIQssig- 
keitshdhe  in  der  Vorlage)  kleiner,  erhoht  sich  die  Relativgeschwindigkeit  w,  was  zu 
kleineren  PartikelgrdSen  fiihrt.  In  Abbildung  12  ist  das  FlielJbild  einer  Aniage  zur 
Herstellung  von  phasenstabilisiertem  Ammoniumnitrat  (PSAN)  dargestellt. 


Abb.  12  ;  SprQhkristallisationsanlage  zur  PSAN  -  Herstellung 


Die  SprQhkristallisationsanlage  besteht  aus  einem  Kristallisationsturm  mit  dem  zen- 
tralen  Bauteil  -der  Zerstaubungsduse-  und  einem  Kuhimantel.  Dem  Kristallisati- 
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onsturm  ist  zur  Abscheidung  der  Partikel  ein  Zykion  nachgeschaltet.  Oberhalb  des 
Turmes  befindet  sich  der  Schmelztopf  incl.  Ruhrwerk. 

Phasenstabilisiertes  Ammoniumnitrat  kann  mit  verschiedenen  Additiven,  wie  Zin- 
koxid,  Kupferoxid  oder  Nickeloxid,  und  ohne  Zusatz  als  SCAN  (Sprayed  Crystallized 
AN)  in  Form  spharischer  Partikel  mit  mittleren  PartikelgroBen  von  x^  =  20  pm,  Xn,  = 
50  pm,  Xp,  =  160  pm  und  Xp,  =  300  pm  durch  Spruhkristallisation  hergestellt  warden. 

3.  Charakterisierung  von  Partikein 

Eine  detaillierte  Charakterisierung  der  Partikel  ist  sowohl  zur  Beurteilung  des  Herstel- 
lungsprozesses  und  der  ProduktqualitSt,  als  auch  im  Hinblick  auf  die  Verarbeitung 
der  Explosivstoffpartikel  unverzichtbar.  In  Abbildung  13  sind  einige  Eigenschaften 
von  Partikein  aufgefuhrt,  welche  verschiedenste  Auswirkungen  auf  die  Produktqua- 
litat,  die  Verarbeitbarkeit,  die  Explosivstoffeigenschaften  usw.  haben  und  somit  in 
Abhangigkeit  der  Problemsteliung  untersucht  warden  sollten. 


Abb.  13 ;  Partikeleigenschaften 
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Da  die  mittlere  PartikelgroBe  und  die  GrolJenverteilung  sehr  wichtige  Partikeleigen- 
schaft  Sind,  die  den  VerarbeitungsprozeB  und  die  charakteristischen  Eigenschaften 
des  Produkts  wesentlich  beeinflussen,  sollen  diese  Partikeleigenschaften  im  folgen- 
den  diskutiert  warden. 


Zur  Bestimmung  von  PartikeigroBen  und  deren  Verteiiungen  stehen  verschiedene 
MeBverfahren  zur  Verfugung.  Sie  unterschieden  sich  insbesondere  durch  ihr  physi- 
kalisches  Prinzip  und  durch  ihren  moglichen  MeBbereich.  Sie  lessen  sich  einteilen  in 
Trennverfahren  (Siebung.Sichten),  Sedimentationsverfahren  (Schwerkraft- 
sedimentation.Zentrifugieren),  Zahiverfahren  (Coulter-Counter,  Extinktion,  Bild- 
analyse),  optische  Verfahren  (Laserbeugungsspektrometrie,  dynamische  Licht- 
streuung,  Holographie)  und  andere  Methoden  wie  die  Ultraschallspektroskopie.  Ab- 
bildung  14  gibt  einen  Oberblick  iiber  den  moglichen  MeBbereich  der  verschiedenen 
Verfahren. 


Sieben 


Sedimentation 


Zentrifugieren 


Coulter  Counter 


Extinktionsmessungen 


automatische  Bildanalyse 


Laserbeugungsspektrometrie 


dynamische  Lichtstreuung 


Holographie 


Ultraschallspektroskopie 


1  nm  10  nm  100  nm  1pm  10  pm  100  pm  1mm  10  mm 
Abb.  14  :  MeBbereiche  verschiedener  Partikelanalysemethoden 
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Da  die  Analysemethoden  alle  auf  unterschiedlichen  physikalischen  Prinzipien  be- 
ruhen,  stimmen  die  mittelbaren  Partikeldurchmesser  oft  nicht  uberein.  Bei  der  Sedi- 
mentationsanalyse  ergibt  sich  ein  Schwerkraft-bezogener  Partikeldurchmesser,  wah- 
rend  z.B.  bei  den  Streulichtverfahren  die  Information  iiber  die  PartikelgroSe  in  der 
durch  die  Wechselwirkung  mit  den  Partikeln  gestorten  Ausbreitung  der  Lichtwellen 
steckt. 

3.1  Darstellung  von  PartikelgroKenverteilungen 

Die  KorngroRen  von  partikularen  Systemen  konnen  sich  iiber  einen  weiteren  Gro- 
Benbereich  erstrecken. 

Die  Einzelpartikel  lessen  sich  in  sogenannte  GroRenklassen  ordnen.  Fiir  eine  hinrei- 
chende  Beschreibung  solcher  Partikelkollektive  ist  die  Ermittiung  und  Darstellung  der 
PartikelgroBenverteilung  in  einem  mdglichst  weiten  Bereich  notwendig.  Zur  Kenn- 
zeichnung  der  Einzelpartikel  eines  Kollektives  benutzt  man  bestimmte  meUbare, 
moglichst  die  Einzelpartikel  eindeutig  beschreibende  physikalische  Eigenschaften, 
wie  z.B.  die  Masse,  das  Volumen,  die  Oberflache,  die  Sinkgeschwindigkeit,  die  In- 
tensitat  des  von  Partikeln  in  einem  Lichtstrahl  gestreuten  Oder  absorbierten  Lichtes 
Oder  die  Stdrung  eines  elektromagnetischen  Feldes  durch  die  Anwesenheit  von  Par¬ 
tikeln.  Die  durch  entsprechende  MeBverfahren  ermittelbare  Verteilung  wird  durch  die 
in  den  einzelnen  Merkmalsklassen  vorhandenen  Teilmengen  gekennzeichnet.  Zu 
diesen  Partikelmerkmalen  warden  die  zugehorigen  Mengenanteile  bestimmt,  woraus 
sich  Mengenverteilungen  des  entsprechenden  Partikelmerkmals  ergeben.  Entspre- 
chend  des  venwendeten  MeRverfahrens  werden  unterschiedliche  Mengenarten  er- 
mittelt.  Werden  die  Partikel  bei  der  Analyse  gezahit,  so  ist  die  Mengenart  eine  An- 
zahl,  wiegt  man  sie,  dann  ist  die  Masse  die  Mengenart.  Die  Kennzeichnung  der 
Mengenart  erfoigt  durch  den  Index  r  (Tab.  1). 


Tab.  1:  Kennzeichnung  der  Mengenart 


Menqenart 

Dimension 

index 

Anzahl 

L° 

BMi 

Lange 

L' 

r  =  1 

Flache 

r  =  2 

r  =  3 
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Man  unterscheidet  zwei  MengenmaGe,  nMmlich  die  Verteilungssumme  Q,  (xj  und  die 
Verteilungsdichte  q,  (x).  Die  Verteilungssumme  Q,  (X|)  ist  die  Teilmenge  zwischen  der 
minimalen  PartikelgroBe  und  dem  jeweiligen  Wert  x,; 


Menge  die  Partikel  nit  x  ^  X| 
Gesartmenge  die  Petikd 


(2) 


Die  Verteilungsdichte  (x,)  ergibt  sich,  wenn  der  Mengenanteil,  der  in  ein  bestimm- 
tes  Partikelintervall  fdllt,  auf  die  Intervallbreite  bezogen  wird; 


dr  (Xi) 


Mengeianteil  zwisdiei  x,  und  x,^, 
Intevdibreite  Xj^i-x, 


(3) 


Ist  Qr  (x)  eine  stetig  differenzierbare  Funktion,  so  ergibt  sich 

Qr  (X)  =  ^^^bzw.  Q,(xi)  =  lqr(x)dx  (4) 

Xmln 


Zur  Charakterisierung  von  Partikelkollektiven  kbnnen  aus  den  gemessenen  Vertei- 

lungen  verschiedene  Parameter  bestimmt  werden: 

-  Medianwert  Xjo,, :  die  PartikelgroBe,  fQr  die  (Xj,,,)  =  0,5  gilt;  es  liegen  somit  50  % 
der  Gesamtmenge  des  Partikelkollektives  unterhalb  dieses  x-Wertes. 

-  Modalwert  :  die  PartikelgrbBe,  bei  der  die  Dichteverteilung  q,  (x)  ein  Maximum 
aufweist. 

-  Die  Homogenitat  bzw.  Dispersitat  eines  Partikelkollektives  wird  durch  die  Vertei- 
lungsbreite  gekennzeichnet.  Die  Breite  einer  Verteilung  kann  nach  der  VDI- 
Richtlinie  3491  durch  den  Dispersitatsgrad  K  beschrieben  werden  121: 


Xg^3  X,g3 

2x 

^  *50,3 

Die  Dispersitat  wird  wie  foigt  unterteilt: 

K  <  0,14  ->  Monodispers 
0,14  <  K  <  0,41  ->  Quasimonodispers 
K  >  0,41  ->  Polydispers 


(5) 
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-  Der  Sauterdurchmesser  Xj  ist  ein  mittlerer  Partikeldurchmesser,  der  dem  Partikel- 
kollektiv  den  Durchmesser  einer  Kugel  zuordnet,  welche  das  gleiche  Verhaitnis 
von  Volumen  zu  Oberflache  besitzt  wie  das  Partikelkollektiv  selbst.  Mit  den  ge- 
messenen  Werten  l§Bt  sich  die  volumenbezogene,  spezifische  Oberflache  Sy  als 
Quotient  aus  Oberflache  S  und  Volumen  V  eines  Partikelkollektives  berechnen. 
FCir  kugelformige  Partikel  mit  dem  Durchmesser  x  berechnet  sich  die  spezifische 
Oberflache  Sy  zu: 


S 


V  - 


Xs 


(6) 


3.2  Spezifische  Oberflache 

Eine  exakte  Ermittiung  der  spezifischen  Oberflache  von  Partikein  erfoigt  mittels  der 
Sorption  von  Gasen  an  der  Festk6rperoberfl§che.  Das  Prinzip  dieser  OberflSchen- 
messung  beruht  darauf,  daB  an  der  Oberflache  der  Partikel  GasmolekUle  adsorbiert 
warden,  und  die  adsorbierte  Gasmenge  unter  gewissen  Bedingungen  proportional 
der  absoluten  GroBe  der  Oberflache  ist.  Mit  der  Methode  der  Gasadsorption  sind 
Mikroporen,  Risse  Oder  Fehlstellen,  die  von  auBen  zuganglich  sind,  detektierbar.  Die 
spezifische  Oberflache  steht  in  direktem  Zusammenhang  mit  der  Reaktivitat  der  Par¬ 
tikel  und  ist  somit  z.B.  fur  die  Abbrandeigenschaften  von  besonderer  Bedeutung. 
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CHARACTERIZATION  OF  SONOCHEMICALLY-AMINTAED 
1 ,3 ,5-TRIAMINO-2, 4, 6-TRINITROBENZENE 


Julie  Bremser  and  Kien-Yin  Lee 


Los  Alamos  National  Laboratory 
Los  Alamos,  New  Mexico  87545 

ABSTRACT 


A  novel  method  has  been  achieved  for  the  preparation  of  1 , 3, 5-triamino-2, 4,6- 
trinitrobenzene  (TATB)  from  TCTNB  in  toluene  by  amination  with  ammonium 
hydroxide  solution  under  the  influence  of  ultrasonic  irradiation.  Samples  of  this 
sonochemically-aminated  TATB  (FP-TATB)  were  studied  for  its  powder  characteristics. 
In  particular,  particle  dispersions  techniques,  such  as  use  of  a  surfactant,  ultrasonic 
agitation,  and  sample  suspension  concentration,  were  studied  to  determine  the  effect  on 
.overall  particle  size  distribution  and  particle  stability.  It  was  found  that  the  use  of 
deionized  water  alone  was  not  sufficient  to  ensure  adequate  suspension  of  the  powder. 
An  additional  powder  dispersion  method,  such  as  ultrasonic  agitation  and/or  the  use  of  a 
surfactant,  resulted  in  a  more  uniform  suspension  of  the  powder  and  more  accurate 
particle  size  distribution.  It  was  found  that  the  arithmetic  median  diameter  (vol%)  of  FP- 
TATB  is  ~1 5  micrometers. 

The  powder  dispersion  methods  investigated  here  will  be  applied  to  TATB 
prepared  by  a  different  approach.  Particle  size  distribution  results  on  these  samples  wdll 
also  be  discussed. 


INTRODUCTION 


The  compoimd  l,3,5-triamino-2,4,6-trinitrobenzene  (TATB)  is  an  explosive  with 
a  high  melting  point  and  thermal  stability  that  has  been  applied  in  situations 
where  insensitivity  to  impact  hazards  is  important.  In  the  past,  production  grade 


13-2 


TATB  (PG-TATB)  was  prepared  by  amination  of  l,3.5-trichloro-2,4,6- 
trinitrobenzene  (TCTNB)  in  toluene  with  anhydrous  ammonia  gas  in  a  pressurized 
reactor/’’  TATB  thus  produced  is  suitable  for  most  applications  with  particle  size 
ranging  from  30  to  60  micrometers.  However,  for  applications  requiring  higher 
sensitivity  to  shock  initiation,  fine-grained  TATB  is  desirable.  TATB  with  an 
arithmetic  median  of  6  micrometers,  produced  by  Lawrence  Livermore  National 
Laboratory  (LLNL)  and  Pantex,  has  been  qualified  as  an  insensitive  high 
explosive  (IHE)  according  to  U.S.  Department  of  Energy  (DOE)  standards.*^’ 

The  processes  involved  in  the  production  of  such  TATB  (UF-TATB)  are 
complicated  and  time  consuming.**’ 

Ultrasound  is  sound  with  frequencies  beyond  human  hearing,  i.e.  above  20 
kHz.  When  ultrasound  is  applied  to  liquids  of  either  a  homogeneous  or 
heterogeneous  reaction  system,  acoustic  cavitation  results.  Rate  enhancement  of 
chemical  reactions  accompanied  by  higher  production  yield  has  been 
demonstrated  under  the  influence  of  ultrasonic  irradiation  (ultrasonication). 
Recently,  the  synthesis  of  nanostructured  catalysts  with  selective  hydrogenation 
reactivity  by  ultrasonication  was  reported  by  Suslick  and  his  coworkers.  **’ 
Ultrasound  is  also  widely  used  in  promoting  dispersion  of  one  liquid  phase  into 
another  through  emulsification. 

In  an  attempt  to  develop  a  simple  method  to  synthesize  TATB  that  will  have 
particle  size  comparable  to  UF-TATB,  we  have  studied  the  synthesis  of  TATB  by 
ultrasonication.  This  presentation  will  briefly  describe  the  synthesis  of  FP-TATB, 
discuss  particle  dispersion  techniques,  such  as  use  of  a  surfactant,  and  ultrasonic 
agitation,  and  their  effect  on  particle  size  distribution.  Results  from  the  particle 
dispersion  and  particle  sizing  of  UF-TATB  (91 190-135m-003),  FP-TATB  (KYL-I- 
58s)  and  PG-TATB  (12-11-81-0524-165)  powders  will  be  reported. 
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EXPERIMENTAL 
Preparation  of  FP-TATB  fKYL-I-58s1 

An  ultrasonic  liquid  processor  (Misonix  XL2020)  equipped  with  a  0.5- 
inch  probe,  operating  at  20  kHz  with  a  variable  amplitude  power-supply  output 
was  used  for  the  preparation  of  FP-TATB.  The  power  output  was  set  at  60%  of 
maximum  550  watts.  A  solution  of  TCTNB  in  toluene  was  added  to  an 
ammonium  hydroxide  solution  in  a  300  ml  beaker  (Pyrex  No.  1040).  The 
amination  reaction  began  by  immersing  the  sonicator  horn  into  the  two-phase 
mixture,  followed  by  turning  on  the  processor  power.  To  minimize  potential 
ammonia  gas  escaping  to  the  air,  the  beaker  was  covered  with  a  piece  of 
aluminum  foil.  After  a  40-minute  sonication  time,  the  resulting  emulsion  was  left 
overnight  at  ambient  temperature.  The  resultant  FP-TATB  was  collected  by 
filtration,  followed  by  washing  the  solids  sequentially  vwth  hot  water,  toluene,  and 
acetone.  The  resulting  lemon-colored  solids  were  then  dried  at  98°C  in  a  vacuum 
oven  overnight.  The  amination  reaction  is  shown  in  Reaction  1 . 


Particle  Sizing 

All  particle  sizing  was  done  on  a  Horiba  LA-900  Laser  Scattering  Particle 
Size  Distribution  Analyzer.  This  instrument  uses  the  principles  of  the  Mie 
scattering  theory  for  measuring  the  size  and  distribution  of  particles  suspended  in 
a  liquid  medium.  Two  light  sources,  a  632.8  nm  He-Ne  laser  and  a  blue  and  red 
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monochromed  tungsten  lamp,  are  used  in  the  instrument.  After  the  light  beam  has 
been  scattered  by  the  particles  in  the  measuring  cell,  it  passes  through  the 
condenser  lens  and  is  focused  on  the  18  unit  detector.  The  intensity  and  angle  of 
scattered  light  are  converted  into  electrical  signals,  which  are  then  used  to 
calculate  the  size  distribution  of  the  particles.®  The  instrument  is  capable  of 
measurements  fi'om  0.04  to  1000  pm. 

A  small  sample  of  the  TATB  powder  was  suspended  in  deionized  water 
for  particle  sizing.  Deionized  water  was  also  used  as  the  dispersion  fluid  (~200ml) 
in  the  particle  sizer.  A  peristaltic  pump  was  used  to  circulate  the  sample  and 
dispersion  medium  through  the  measuring  cell.  The  sample  was  added  drop-wise 
to  the  measuring  cell  until  the  percent  transmission  was  in  the  desired  range  as 
indicated  by  the  manufacturer.  Duplicate  samples  of  FP-,  PG-  and  UF-TATB 
powders  were  analyzed  three  times  each. 

Various  methods  of  particle  dispersion  were  examined.  Samples  were 
dispersed  through  the  use  of  the  instrument's  internal  pumping  system  and 
ultrasonic  bath  (USB),  the  use  of  a  40  Watt  ultrasonic  probe  (USP),  and  the 
addition  of  the  dilute  non-ionic  surfactant  Triton®X-100  (TX,  manufactured  by 
Rohm  &  Haas  Company).  The  wattage  and  time  of  agitation  with  the  ultrasonic 
probe  were  varied  to  determine  the  effect  on  particle  dispersion.  Samples  were 
agitated  for  5  minutes  at  40  watts  and  for  12  minutes  at  100  watts  using  the 
ultrasonic  probe. 

Additionally,  two  sample  concentrations  were  analyzed  to  examine  effect 
of  sample  concentration  on  particle  size  results.  Samples  were  suspended  in  water 
containing  dilute  Triton  X-100,  agitated  for  10  seconds  at  40  watts  using  the 
ultrasonic  probe  and  added  dropwise  to  the  particle  sizer  imtil  the  percent 
transmission  had  dropped  to  approximately  95%  and  70%. 

RESULTS  AND  DISCUSSION 


Synthesis  of  FP-TATB 
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Lemon-colored  TATB  was  obtained  by  the  amination  of  TCTNB  in 
toluene  with  ammonium  hydroxide  solution  under  the  influence  of  ultrasonic 
waves.  This  method  of  preparing  TATB  by  ultrasonication  is  unique  and 
economical.  The  amination  reagent  used  is  an  ammonium  hydroxide  solution 
(NH4OH),  instead  of  ammonia  gas,  thus  eliminating  the  tedious  monitoring  of  gas 
pressure  during  amination.  This  method  is  more  economical  since  the  process  is 
less  complicated  and  time-consuming  than  previously  documented  methods,  and 
the  ha2ardous  solvent  toluene  used  in  the  process  is  regenerated  from  the  waste 
stream  by  distillation  and  can  be  employed  for  further  amination  reactions. 
Particle  Size  Distribution 

The  samples  suspended  in  deionized  water  alone,  with  no  additional 
method  of  powder  disbursement,  were  difficult  to  keep  in  suspension.  The  high 
surface  tension  of  the  water  resulted  in  a  "skin"  of  powder  that  tended  to  adhere  to 
glassware  and  instrument  parts.  Powder  suspended  in  deionized  water  alone 
tended  to  re-agglomerate  readily,  making  it  difficult  to  obtain  representative 
particle  size  distribution  data.  As  a  result,  both  the  water  alone  samples  of  UF- 
TATB  and  FP-TATB  resulted  in  a  larger  mean  and  median  particle  size  and  wider 
particle  size  distribution  (see  Figure  1)  than  the  same  powder  when  some 
additional  method  of  powder  dispersion  was  employed.  The  PG-TATB  also 
resulted  in  a  larger  mean  and  median  particle  diameters  when  dispersed  in 
deionized  water  alone.  Figures  2, 3,  and  4  compare  the  particle  size  distributions 
for  UF-,  PG-  and  FP-TATB  samples  suspended  in  deionized  water  alone  with  the 
samples  suspended  in  deionized  water  plus  the  use  of  an  additional  powder 
dispersion  method. 

According  to  the  results  obtained  in  these  experiments,  for  these  three 
powders,  the  use  of  deionized  water  alone  was  not  sufficient  to  ensure  adequate 
suspension  of  the  powder.  An  additional  dispersion  method,  such  as  ultrasonic 
agitation  and/or  the  use  of  a  surfactant,  resulted  in  a  more  uniform  suspension  of 
the  powder.  However,  the  exact  method  of  powder  dispersion  had  little  effect  on 
the  median  particle  size  or  particle  size  distribution,  as  also  shown  in  Figures  2,  3, 
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and  4.  Tables  1,  2,  and  3  summarize  the  particle  size  results.  The  addition  of  a 
small  amount  of  dilute  Triton  X-100  greatly  aided  sample  dispersion.  Although 
the  use  of  the  ultrasonic  bath  or  probe  alone  were  acceptable  methods  of  sample 
dispersion,  the  addition  of  the  surfactant  made  cleaning  of  the  instrument  betw'een 
sample  runs  much  easier. 


TABLE  1 :  UF-TATB  Particle  Size  Results  (based  on  volume) 


Preparation 


I  water 


I  water,  USB 


I  water,  USP 


I  water,  Triton®  X-100 


I  water,  Tnton  X-100,USB 


I  water,  Triton®  X-100,USP 


(Mean  (pm) 


Median  (pm) 


8.83 


5.06 


5.12 


5.65 


5.01 


4.95 


TABLE  2:  FP-TATB  Particle  Size  Results  (based  on  volume) 


Preparation 


I  water 


I  water,  USB 


I  water,  USP 


I  water,  Tnton  X-100 


I  water,  Triton®  X-100,USB 


I  water,  Triton®  X-100, USP 


Mean  (pm) 

Median  (pm) 

42.04 

27.16 

15.95 

12.68 

13.77 

12.41 

16.04 

14.70 

15.56 

13.39 

14.91 

12.97 
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TABLE  3:  PG-TATB  Particle  Size  Results  (based  on  volume) 


Preparation 

Mean  (^m) 

Median  (jam) 

DI  water 

75.94 

72.86 

DI  water,  USB 

56.00 

54.86 

DI  water,  USP 

54.33 

54.36 

DI  water,  Triton®  X-100 

54.62 

56.22 

DI  water,  Triton®  X-100,USB 

54.18 

54.76 

DI  water,  Triton®  X-100,USP 

54.50 

55.18 

The  particle  sizing  results  for  experiments  using  increased  agitation  time 
and  wattage  during  samples  preparation  indicated  there  was  little,  if  any,  effect  on 
the  PG-  and  UF-  TATB  powders.  The  FP-TATB  did  show  some  slight  reduction 
in  mean  particle  size  when  subjected  to  the  same  sample  preparation.  Mean 
particle  size  results  are  shown  in  Table  4. 

TABLE  4:  Mean  Particle  Size  Results  (based  on  volume) 
for  Increased  Agitation  Time  During  Sample  Preparation 


Preparation 

FP-TATB 

PG-TATB 

10  sec  USP/40  watts 

14.91  pm 

5.65  pm 

5  min  USP/40  watts 

1 1 .34  pm 

55.69  pm 

5.89  pm 

12minUSP/100 

watts 

8.85  pm 

53.02  pm 

5.17  pm 

Particle  sizing  results  from  the  higher  sample  concentration  (lower  percent 
transmission)  were  very  similar  to  the  results  from  the  lower  sample  concentration 
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(higher  percent  transmission).  For  the  powders  examined  here,  there  appears  to 
be  little,  if  any,  effect  due  to  increased  sample  concentration.  Mean  particle  size 
results  are  shown  in  Table  5. 


TABLE  5:  Mean  Particle  Size  Results  (based  on  volume) 
for  Increased  Sample  Concentration 


Preparation 

High  Concentration 
~70%  Transmission 

Low  Concentration 
~95%  Transmission 

PG-TATB 

55.12  |im 

54.50  |im 

UF-TATB 

5.64  (im 

5.65  pm 

FP-TATB 

17.70  (im 

14.91  pm 

CONCLUSIONS 

We  have  demonstrated  that  fine-particle  TATB  can  be  made  by  a  simple, 
one-step  amination  from  TCTNB  and  ammonium  hydroxide  solution  xmder  the 
influence  of  ultrasonic  irradiation  (ultrasonication).  This  sonochemically- 
aminated  TATB  (FP-TATB)  has  particle  size  comparable  to  UF-TATB,  an  IHE 
booster  material.  Results  from  powder  characterization  studies  on  the  TATBs 
illustrated  that  the  arithmetic  median  particle  diameters  of  FP-TATB  is  15 
micrometers  while  that  of  UF-TATB  is  5  micrometers  and  that  of  PG-TATB  is  55 
micrometers. 

Further  studies  on  particle  dispersion  techniques  indicated  the  need  for  an 
additional  particle  dispersion  method,  such  as  ultrasonic  agitation  and/or  the  use 
of  a  surfactant.  The  addition  of  a  small  amount  of  dilute  Triton  X-100  greatly 
aided  sample  dispersion.  Although  the  use  of  the  ultrasonic  bath  or  probe  alone 
were  acceptable  methods  of  sample  dispersion,  the  addition  of  the  surfactant  made 
cleaning  of  the  instrument  between  sample  runs  much  easier. 
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Excessive  ultrasonic  agitation  appeared  to  have  little  effect  on  the  particle 
sizing  results  of  both  the  UF-  and  PG-TATB  powders.  However,  FP-TATB 
showed  some  reduction  in  mean  particle  diameters. 

Use  of  heavily  concentrated  samples  did  not  appear  to  significantly  affect 
the  particle  sizing  results.  However,  less  concentrated  samples  are  recommended 
to  prevent  detector  overloading  and  powder  agglomeration,  in  addition  to 
conserving  sample  powder. 
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Comparison  of  powder  dispersion  methods  for  FP-TATB. 
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Comparison  of  powder  dispersion  methods  for  PG-TATB. 
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Mahlen  von  Explosivstoffen 


Dr.  E.  Kleinschmidt.  H.  Spath 
TDW  GmbH,  86523  Schrobenhausen,  BRD 


Zusammenfassung 

Beschrieben  warden  die  bei  TDW  zur  Zerkleinerung  von  fasten  Explosivstoffen  bevor- 
zugten  Muhlentypen  Koiloidmuhie  und  Kugelmuhle.  Ihre  Moglichkeiten  und  Grenzen 
warden  im  Vergleich  zu  anderen  Zerkleinerungsverfahren  dargestellt.  Ergebnisse  iiegen 
vor  ailem  fur  Hexogen  (RDX)  und  Oktogen  (HMX)  vor. 

Versuche  mit  beiden  Muhlentypen  warden  beschrieben.  Zur  Kontrolle  von  Zwischen-  und 
Eridprodukten  warden  Laser-Granuiometer  und  Luftstrahisieb  venwendet.  Die  Aussage- 
fahigkeit  beider  Verfahren  sowie  der  EinfluB  unterschiediichen  Mahlguts  auf  die 
Ladungshersteilung  warden  gezeigt. 


Abstract 

Coiloid-miii  and  cobaii-miii,  the  two  at  TDW  prefered  miii-types  are  introduced.  Their 
possibiiities  and  limits  for  crushing  soiid  high  explosives  are  shown  and  compared  with 
other  methods.  Results  are  especially  available  for  hexogene  (RDX)  and  octogene 
(HMX). 

Results  of  tests  with  both  mill-types  are  shown.  Laser-granulometer  and  air-jet  sieve  are 
used  for  control  of  intermediates  and  final  products.  The  suitability  for  both  methods  is 
compared.  The  ability  of  different  crushed  material  to  manufacture  PBX  charges  is 
shown. 


1.  Einleitung 
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Die  Zerkleinerung  von  Stoffen  ist  eine  Basisoperation  der  Explosivstofftechnologie.  Fur 
die  Hersteilung  von  Sprengiadungen  ist  der  Einsatz  von  Feingut  in  erster  Linie  aus  ver- 
fahrenstechnischen  Grunden  erforderlich.  Nur  durch  den  Einsatz  von  bimodaien  Kornun- 
gen  sind  Ladungen  hoher  Dichte  bei  minimalem  Gehait  an  Binder  herzusteilen.  Die 
KorngroBen  des  Feingutes  iiegen  zwischen  20  und  150  pm. 

Fur  Treibladungen  sind  KorngroBen  und  spezifische  Oberfiachen  zusStziich  von  groBer 
Bedeutung  fur  das  Abbrandverhaiten.  KorngroBen  <  10  pm  sind  meist  ubiich.  Durch  den 
verstarkt  zu  erwartenden  Einsatz  von  Nitraminpulvern  gewinnt  die  Hersteiiung  und  Cha- 
rakterisierung  von  sehr  feinem  Hexogen,  Oktogen  und  auch  von  CL20  zunehmend  an 
Bedeutung  (Aniage  1). 


2.  Zerkleinerungsverfahren 

Mahiverfahren  sind  seit  Jahrzehnten  Stand  der  Technik  auch  fur  die  Zerkieinerung  von 
Explosivstoffen.  Die  Grundprinzipien  des  Mahlens  sind  seit  langem  bekannt,  verbessert 
hat  sich  in  erster  Linie  die  Leistungsfahigkeit  und  Sicherheit  der  Gerate  (Aniage  2). 

Die  FlieBbett-GegenstrahImuhle  (fluid  energy  mill)  wird  vielfach  zum  Mahlen  von 
Ammoniumperchlorat  (APC)  eingesetzt.  Das  Mahlgut  wird  in  einem  Gasstrom  fluidisiert. 
Die  Teilchen  prallen  mit  hoher  Geschwindigkeit  aufeinander  und  werden  zerkleinert. 
KorngroBen  bis  zu  1  pm  werden  damit  erzielt.  Nachteil  dieses  Verfahrens  ist  wie  bei 
alien  T rockenmahiverfahren  das  Fehlen  eines  phlegmatisierenden  Fluids.  Risiken  wie 
elektrostatische  Aufladung  Oder  Staubexplosionen  sind  beim  Zerkleinern  von  Explosiv¬ 
stoffen  besonders  zu  beachten. 

In  Rotor-Stator-MOhlen  (colloid  mills)  wird  das  Mahlgut  als  Suspension  eingesetzt.  FOr 
organische  Substanzen  (RDX,  HMX)  dient  Wasser  als  Fluid,  fur  wasserlbsliche  Salze 
(APC,  AN)  kann  Isoproponal  verwendet  werden.  Durch  Variation  des  Mahlspaltes  kann 
der  Zerkleinerungsgrad  beeinfluBt  werden.  KorngroBen  bis  zu  20  pm  sind  erreichbar 
(Aniagen  3,  4). 

Ebenfalls  in  Suspension  arbeiten  die  Kugelmuhlen  (coball-mills).  Das  Mahlgut  wird  als 
Suspension  durch  eine  mit  Mahikugein  gefullte  Kammer  gepumpt.  Durch  wiederholten 
Kontakt  mit  den  Mahikugein  wird  das  Mahlgut  zerkleinert.  Mit  dem  Verfahren  werden 
KorngroBen  bis  zu  1  pm  Durchmesser  erzielt.  Die  Leistung  der  Muhle  kann  durch  Variati¬ 
on  von  Kugelfullung,  DurchfluBrate  der  Suspension  sowie  durch  das  Verhaltnis  Mahlgut/ 
Fluid  beeinfluBt  werden  (Aniage  5). 

Hohe  Bedeutung  kommt  auch  den  verschiedenen  Kristallisationsverfahren  zu.  Sie  bieten 
ein  hohes  MaB  an  Sicherheit  (keine  mechanische  Belastung  des  Mahlgutes)  bei  gleich- 
zeitig  hoher  Leistungsfahigkeit  (KorngroBen  von  1  -  1 000  pm  sind  realisierbar).  Problems 
lessen  Stoffe  mit  mehreren  Kristallmodifikationen  (HMX,  CL20,  AN)  erwarten. 


2.1  Zahnkolloidmuhle 

Zahnkolloidmuhlen  werden  bei  TDW  sowohl  im  Technikum  wie  in  der  Produktion  einge¬ 
setzt.  Mahlgut  sind  in  erster  Linie  RDX  und  HMX.  Die  zur  Hersteilung  von  Sprengiadun¬ 
gen  benotigten  mittleren  KorngroBen  Iiegen  meist  zwischen  50  und  100  pm.  Bei  einem 
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Ausgangsmaterial  von  200  -  600  |im  KorngroBen  warden  die  gewunschten  Werte  in 
einem  Mahivorgang  erreicht. 

EinfiuBgroBen  sind  die  Einsteliung  des  Mahlspaltes  sowie  in  geringerem  Umfang  die 
aufgegebene  Mahigutmenge  (Aniagen  6,7). 

KorngroBen  von  <  50  pm  sind  in  2  Mahigangen  zu  erzieien.  Bei  geoffnetem  Mahispait  2 
wird  das  Mahlgut  auf  ca.  100  pm  zerkieinert.  Es  wird  in  die  Aufnahme  zuruckgefuhrt  und 
bei  geschiossenem  Spalt  erneut  gemahien.  Die  damit  erzielte  mittiere  KorngroBe  von 
ca.  30  pm  steilt  annahernd  die  Leistungsgrenze  des  beschriebenen  Muhlentyps  dar 
(Aniage  8). 


2.2  Kugelmuhle 

Mil  der  im  Technikum  der  TDW  vorhandenen  Kugelmuhie  konnen  KorngroBen  von  1  -  20 
pm  erzielt  werden.  Das  Ausgangsmaterial  ist  auf  KorngroBen  von  50-  150  pm  vor- 
zerkleinert. 

Variationsparameter  sind; 

-  Suspensionsgrad  (Aniage  9) 

-  DurchfiuBrate  (Aniage  9,  1 0) 

-  Wahl  des  Fluids  (isoproponal  fur  Salze,  Aniage  11) 


3.  Charakterisierung  des  Mahlgutes 

Unverzichtbare  Erganzung  jedes  Mahivorganges  ist  die  Charakterisierung  des  Mahigu- 
tes.  Eine  Vielfalt  von  Verfahren  ist  bekannt  und  wird  eingesetzt  (Aniage  12).  Die  Auswahl 
von  geeigneten  Verfahren  hSngt  vom  jeweiiigen  Anwendungszweck  und  auch  von  der 
jeweiligen  PartikeigroBe  ab.  Zur  ProzeBkontrolle  genugt  meist  1  Verfahren,  werden 
dagegen  neue  Materialien  Oder  Verfahren  erprobt,  so  ist  der  Einsatz  mehrerer  MeBver- 
fahren  erforderlich  (Aniage  13). 

Das  Luftstrahlsieb  (mechanisches  Sieb)  ist  fur  KorngroBen  von  ca.  1 0  pm  bis  zu  mehre- 
ren  Miiiimetern  geeignet.  Zur  Ersteiiung  einer  Kornungsiinie  muB  mit  4  -  8  SiebgroBen 
gearbeitet  werden.  Von  Nachteii  -  vor  aliem  bei  sehr  teuren  Stoffen  wie  CL20  -  ist  der 
hohe  Materialbedarf  von  ca.  20  g  pro  Sieb, 

Laser-Granuiometer  sind  zunehmend  Stand  derTechnik  zur  Charakterisierung  von 
Feingut.  Sie  sind  fur  KorngroBen  von  0,1  - 100  pm  einsetzbar.  Die  Analysensubstanzen 
sind  in  Wasser  Oder  isoproponal  suspendiert,  pro  Messung  genugen  wenige  mg  Sub- 
stanz.  Gemessen  wird  das  Volumen  der  Partikel,  angegeben  wird  der  Durchmesser  der 
voiumengleichen  Kugei.  Ergebnisse  konnen  durch  stark  unterschiedliche  Kornformen 
des  Mahlgutes  verfalscht  werden. 

Ein  Verfahren  fur  sehr  feinkorniges  Material  (<  ca.  30  pm)  ist  die  Sedimentationsanaiyse. 
Sie  iiefert  zuveriassige,  aussagekraftige  Ergebnisse.  Wegen  des  groBen  Zeitbedarfs  von 
bis  zu  mehreren  Tagen  pro  Anaiyse  kommt  das  Verfahren  in  erster  Linie  fur  Forschungs- 
zwecke  in  Frage. 

Zur  Charakterisierung  von  T reibstoff  Komponenten  ist  die  Bestimmung  der  spezifischen 
Oberfiache  nach  dem  BET-Verfahren  von  Bedeutung.  Aussagekraftige  Werte  erhait  man 
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fiir  Partikel  von  <  10  nm.  Von  Nachteil  ist  der  relativ  groBe  Zeitaufwand  fur  die  Messung 
sowie  der  geringe  Informationsgrad.  Man  kann  eine  Substanz  nicht  mit  einer  einzigen 
Zahl  (spezifische  Oberflache:  m^/g)  ausreichend  charakterisieren. 

Mikroskopieverfahren  (Lichtmikroskop,  Raster  Elektronen  Mikroskop)  sind  als  Erganzung 
zu  den  vorgenannten  Verfahren  wichtig.  Sie  geben  Hinweis  auf  die  Form  von  Partikeln. 
Die  in  der  Aniage  13  dargestellten  Oktogenkristalle  sind  mit  einem  Luftstrahlsieb  allein 
nicht  zu  unterscheiden.  Ihre  unterschiedliche  Kornform  kann  sich  allerdings  auf  die  Ver- 
arbeitung  auswirken. 


4.  EinfluB  von  KorngroBen  auf  die  Ladungsherstellung 

Fur  eine  gieBbare  PBX  Rezeptur  mit  90  %  Oktogen  und  1 0  %  HTPB  Binder  wurde  unter- 
schiedlich  hergestelltes  Feinoktogen  eingesetzt.  Die  beiden  Feinoktogene  sind  bei  ]e- 
weiis  30  pm  mittlerer  KorngroBe  mit  dem  Luftstrahlsieb  nicht  zu  unterscheiden. 

Im  Laser-Granulometer  dagegen  zeigt  das  gemahlene  Produkt  eine  breite  Kornverteilung 
mit  mehreren  Maxima  im  Bereich  von  1-100  pm,  das  durch  Umkristallisation  hergestell- 
te  Produkt  annahernd  eine  Gaussverteilung  mit  einem  Maximum  (Aniagen  14, 15). 

Den  Viskositatsverlauf  beider  Mischungen  zeigt  Aniage  16.  Mit  dem  Mahiprodukt  wird  die 
zum  GieBen  erforderliche  niedrige  Viskositat  nach  30  Minuten,  mit  dem  gemahlenem 
Produkt  dagegen  erst  nach  75  Minuten  erreicht. 


5.  Zusammenfassung 

Es  wurden  Moglichkeiten  aufgezeigt,  das  zur  Herstellung  von  Sprang-  und  T reibladun- 
gen  erforderliche  Feingut  herzustellen  und  zu  charakterisieren.  Bei  Nutzung  der  heute 
gegebenen  technischen  Moglichkeiten  konnen  hohe  Standards  an  Leistung  und  Sicher- 
heit  erreicht  und  reproduziert  werden. 

Anzumerken  bleibt,  daB  von  explosiven  Gefahrstoffen  die  Rede  ist.  Die  Einhaltung  und 
gegebenenfalls  die  Verbesserung  von  Sicherheitsstandards  muB  trotz  aller  technischen 
Verbesserungen  mit  an  erster  Stella  stehen. 
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Feingut  fur  Spreng-  u.  Treibladungen 


-  Daimler-Benz  Aerospace 


TDW  Gesellschalt  fur  verleidigungs- 
lechnische  Wirksysleme  mbH 


Betrachtete  Stoffe 

RDX,  HMX,  CL20(nicht  wasserloslich) 
APC,  AN  (wasserloslich) 


Erforderliche  KorngroBen 

Treibladungen:  bevorzugt  <  10  pm 

Sprengladungen:  bimodale  Mischungen 

grobkristallin  200  -  600  pm 
Feingut  30 -150  pm 


Aniage  1 

TOW  Schfobenhausof' 


Zerkleinerung  von  Explosivstoffen 


Daimler  Benz  Aerospace 

TDW  Gesellschaft  fur  verteidigungs- 
technisch©  Wirksysleme  mbH 


Verfahren 

erzielbare  KorngroBen 
[pm] 

Bewertung 

FlieObett-Gegenstrahl 
(Fluid  energy  mill) 

1-10 

Mahlgut  nicht  phleg- 
matisiert  (Sicherheit!) 

Rotor-Stator-Muhle 
(colloid  mill) 

20  - 150 

Mahlgut  phlegmatisiert 

Kugelmuhle 
(coball  mill) 

1  -50 

Mahlgut  phlegmatisiert 

Kristallisation 

1  -  1000 

Mahlgut  wird  mechanisch 
nicht  belastet 

Aniage  2 


row  Schfobonhausen 


HjO 

Isopropanol 

I . X 


Versuchsaufbau 


DurchfluBmesser 


Fliissigkeitsverteiler 


Organische  Substanzen  (RDX,  HMX) 

Isopropanol: 

Salze  (APC,  AN) 


Ablaut 


Nutsche 


VakuumanschluB 

Aniage  4 


row  Schiobcnhaiison 


[uiii]  qajs  dp 


Rotor-Stator-M  u  h  le 


— ■  Daimler-Benz  Aerospace 

TDW  Gesellschaft  fur  verteidigungs* 
techntsche  Wirksysisme  mbH 


EinfluB  des  Mahlspaltes 


y*  / 

X 


/y 

^  4  5  kg  Charge 

'  • — •  10  kg  Charge 


1  2  3  4  5  6 

Mahtspalt 


EinfluB  der  Einwaage 


®  lUU 
(» 

I'D  90 


8,3  kg  ROX 
10,0  kg  RDX 


1  2  3  4  5  6 

Mahlspalt 


rnw  Srhriibnnh.iiisrn 


Anlage  6.  7 
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Rotor-Strator-M  ii  h  le 


Daimler-Benz  Aerospace 

row  Gesellschaft  fur  verteidigungs- 
technische  Wirksysteme  mbH 


Vorzerkleinern  /  Mahlen 


Aniage  8 

TDW  Schrobenhausen 


TDW  Scliiobcnhatison 


KongroBe  [fim]  c  RDX  FF  Durchsatz  [kg/h] 


KorngroBe  [^m] 


Aniage  10 

TOW  Schfobcnhausftn 


jelmuhle  (Mahlen  von  APC) 


Diiimlei'-Benz  Aerospace 

I DW  Qeseilschatt  fur  veneidigungs- 
technische  Wirksysteme  mbH 
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Charakterisierung  von  Mahlgut 


L)aimler-B(^nz  A(M'ospiK:e 

TOW  Gesellschaft  fur  verleidigungs 
lechnrsche  Wirksysteme  mbH 


Verfahren 

Mellbereich 

[pm] 

Bewertung 

Luftstrahlsieb 

10-1000 

wenig  Aussage  zur  Korn- 
form,  hoher  Materiatbedarf 

Laser-Granu(ometer 

0,1  - 100 

wenig  Aussage  zur  Korn- 

form,  geringer  Materiatbedarf,  schneli 

Sedimentation 

0,1  -  ca.  30 

MeOzeit  bis  zu  einigen  Tagen 

Spezifische  Oberflache 
(nach  BET) 

<  10 

wichtig  fiir  Treibstoff- 
Komponenten 

Mikroskopie 

0,1  - 1000 

Erganzung  zur  Partikelmessung, 
Aussage  fiber  Kornform 

Aniage  12 


TOW  Schfobenhausen 


Verschiedene  Kornformen  von  HMX 


Daimler-Benz  Aerospace 

TDW  Gesellschaft  fiir  verteidigungs- 
technische  Wirksysteme  mbH 
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Laser-Gran  u  lometer 


— j —  Daimler  li(Miz  Aoriispacc^ 

TDW  Gesellschad  fur  verleidtgungs 
lechnische  Wirksyslemo  mbH 


Durchmesser  [pm] 


Aniage  14 


TOW  Schfobenhausr'n 

•  Daimlfii-Benz  Aerospace 

Laser-Granulometer 

T  DW  Gei^ellsrhaft  tiir  vcrteidigungs- 
technischo  Wirksystomo  mbH 

Durchmesser  [pm] 


Aniage  15 


TOW  Si'lirolionhiiiiseri 


Viskositat  [Pa*s] 


14  -  12 


Kornverteilung  und  Viskositatsverlauf 


— Daimler-Benz  Aerospace 

TOW  Gesellschaft  fiir  verteidigungs- 
technische  Wirksysteme  mbH 


Rezeptur;  90%  HMX  / 10%  HTPB  Binder 


3000  - » 


B  HMX  gemahlen 


HMX  umkristallisiert 


D  =  1,0  1/s,  T  =  50°C 
HKV5,  eOUpm,  2,5  kg 


15  30 


45  60  75 

Mischzeit  [min] 


Aniage  16 
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1.  ABSTRACT 

The  paper  reports  on  some  ab  initio,  molecular  orbital  and  molecular  mechanics  calculations 
of  the  nature  of  the  nitramine  group  in  the  energetic  material  RDX.  Preliminary  calculations 
on  dimethylnitramine  are  used  to  establish  the  reliability  of  the  calculations  used.  The 
calculations  are  used  to  understand  the  nature  of  the  conformation  on  the  nitramine  group  in 
the  RDX  ring  and  to  predict  the  expected  morphology  of  the  RDX  crystal. 

2.  INTRODUCTION 

The  nitramine  group  is  an  important  molecular  constituent  of  many  of  the  newer  energetic 
materials.  The  present  calculations  on  dimethylnitramine  and  RDX  allows  comparison  of  the 
predictions  of  theory  and  computation  with  the  available  experimental  information, 
establishing  a  benchmark  for  the  level  of  theory  which  is  required  to  reliably  predict  the 
properties  of  these  materials. 

In  particular  the  studies  of  RDX  allows  the  study  of  the  nitramine  group  in  a  ring  structure. 
The  constraints  of  the  ring  imposes  additional  restraints  on  the  nature  of  the  hybridisation  of 
the  nitrogen  in  the  ring,  which  molecular  mechanics  may  not  easily  be  able  to  model.  The 
accurate  molecular  orbital  calculations  presented  here  are  used  to  verify  the  molecular 
mechanics  force  field.  This  force  field  is  the  used  to  calculate  the  crystalline  lattice  and 
molecular  structure  which  can  be  compared  directly  with  experiment. 

Finally  information  concerning  the  crystal  lattice  is  used  to  predict  the  habit  of  the  crystal. 
Comparison  with  previous  work  indicates  that  the  dielectric  constant  of  the  solvent  from 
which  the  crystals  are  grown  may  play  an  important  part  in  determining  the  relative  stability 
of  the  growing  surfaces.  Consequently  estimates  are  made  of  the  electrostatic  nature  of  the 
RDX  surfaces  and  the  expected  changes  in  stability  compared  with  experiment. 

3.  METHODOLOGY 

3.1  Quantum  Mechanics 

Molecular  Orbital  calculations  at  the  Hartree-Fock  and  2nd  order  perturbation  theory,  MP2, 
level  of  theory  were  carried  out  using  the  GAMESS_UK  ab  initio  code  (1).  Various  basis 
sets  were  used  for  the  calculations  including  6-3 IG  and  6-3 1G‘*.  Semiempirical  calculations 
were  also  employed  using  the  AMI  hamiltonian  available  in  MOP  AC  (2). 
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3.2  Molecular  Mechanics 

All  molecular  mechanics  calculations  were  carried  out  using  the  Cerius2  (3)  computer 
program.  The  Dreiding  II  force  field  was  used  and  in  some  cases  was  modified  in  the  light  of 
the  ah  initio  calculations.  Atomic  charges  were  calculated  by  fitting  the  atom  centred  charges 
to  the  electrostatic  potential  calculated  using  ab  initio  theory.  The  crystal  structures  were 
calculated  using  periodic  boundary  conditions  with  the  electrostatic  energy  being  calculated 
using  the  Ewald  technique.  Estimates  of  the  crystal  habit  were  made  using  the  method  of 
Donnay  and  Marker  as  made  available  in  the  Cerius  morphology  module. 

4.  DIMETHYLNITRAMINE 

The  crystal  structures  of  dimethylnitramine  (DMN)  are  available  (4-6)  and  have  been 
obtained  from  the  Cambridge  Crystallographic  database.  All  crystal  structures  reported 
belong  to  the  P21/m  space  group,  which  is  monoclinic.  Because  of  the  relatively  small  size 
of  the  molecule  it  has  been  possible  to  perform  quite  accurate  ab  initio  calculations  of  the  gas 
phase,  isolated  molecule.  These  were  performed  to  understand  the  nature  of  the  nitramine 
group  better  and  to  transfer  this  learning  to  the  RDX  molecule  which  we  will  discuss  later. 

4.1  Ab  Initio  Calculations 

Ab  Initio  Hartree  Fock  calculations  were  performed  using  a  double  zeta  6-3 1 G  basis  set  and 
the  results  are  shovm  in  Table  1  under  the  column  entitled  SCF. 


Table  1 

Gas  Phase  Energies  of  DMN 


Conformation 

Total  Energies 

Relative  Energies 

(Hartree) 

(kcals/mole) 

SCF 

MP2 

SCF 

MP2 

6-3 IG  basis 

6-3 IG** 

DMNl 

-337.706793 

-338.731985 

1.9 

1.7 

DMN2 

-337.707944 

-338.732717 

1.2 

1.3 

DMN3 

-337.709879 

-338.734766 

0.0 

0.0 

DMN4 

-337.673691 

-338.697742 

22.7 

23.2 

DMN5 

-337.709619 

-338.735731 

0.16 

-0.60 

The  definitions  of  the  different  conformers  DMNl  to  DMN5  are  given  in  the  Table  2  below. 
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Table  2 

DMN  Conformers 


DMNl  t 

DMN3  ^ 

DMN2  (L 

DMN4  i. 

•i 

c 

DMN5 

X' 

N 

V 

These  calculations  predict  geometries  of  various  conformations  of  DMN.  They  predict  that 
the  conformation  with  the  N-N-02  atoms  all  lying  in  the  same  plane  is  the  most  stable. 
Rotation  of  the  -N02  group,  so  that  the  oxygens  are  lying  in  a  plane  perpendicular  to  the 
plane  of  the  rest  of  the  molecule,  is  very  expensive  energetically  (22.7  kcals/mole)  and 
indicates  that  any  complete  rotation  about  the  N-N  bond  will  be  very  slow.  The  CHj  groups, 
on  the  other  hand,  appear  to  be  fairly  free  to  rotate.  No  calculations  on  barriers  to  rotation 
have  been  performed,  but  calculations  of  the  three  different  conformers  of  DMN,  brought 
about  by  rotating  these  groups,  indicates  that  they  lie  within  2  kcals/mole  of  each  other.  The 
central  nitrogen  connected  to  carbon  and  nitrogen  could  feasibly  by  pyramidal  and  the  nature 
of  the  calculations  so  far  would  not  show  this,  as  they  maintain  the  high  initial  symmetry 
provided  by  the  starting  geometry  of  the  molecule.  Consequently,  calculations  were 
performed  at  a  lower  (Cs)  symmetry,  which  indicated  at  a  Hartree-Fock  level  that  there  was  a 
minimum  energy  conformation  rvith  a  pyramidal  nitrogen  only  0.2  kcals/mole  higher  in 
energy  than  the  overall  minimum  energy  configuration. 
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The  6-3 1 G  basis  is  known  to  favour  planar  nitrogen  conformers  over  pyramidal  ones,  so  it 
was  decided  to  repeat  the  calculations  using  the  6-3 IG**  basis  set  and  to  include  correlation 
effects  through  the  Moller  Plesset  second  order  jjerturbation  theory  method  (MP2).  This 
quite  routine  calculation  is  much  more  expensive  than  standard  Hartree  Fock  methods,  but 
can  be  expected  to  give  very  accurate  bond  lengths  and  angles,  given  a  large  enough  basis  set. 
Interestingly,  this  method  predicts  that  the  pyramidal  nitrogen  structure  is  the  most  stable  by 
about  0.6  kcals/mole.  Its  is  to  be  expected  therefore  that  DMN  is  a  fairly  flexible  structure 
whose  average  geometry  is  a  planar  one,  but  whose  minimum  equilibrium  structure,  in  the 
gas  phase,  show  a  pyramidal  central  nitrogen. 

Table  3  shows  the  predicted  and  experimental  structural  parameters.  The  table  compares  the 
structural  parameters  for  the  optimised  DMN3  structure,  rather  than  the  minimum  energy 
MP2  energy.  It  can  be  seen  that  there  is  good  agreement  between  the  calculated  and 


experimental  structures  at  all  levels  of  theory. 

Table  3 

A  Comparison  of  Gas  Phase,  Ab  Initio  and  Molecular  Mechanics  Results  with 
Experiment  Crystal  Data  for  DMN 

Bond  Length  (A) 
Bond  Angle  (degs) 

Expt  (6) 

MP2 

RHF 

MM 

Dreiding 

MM 

Modified 

N-0 

1.23 

1.24 

1.20 

1.21 

1.21 

N-N 

1.33 

1.36 

1.33 

1.33 

1.33 

N-C 

1.45 

1.45 

1.45 

1.45 

1.45 

C-C 

3.12 

2.59 

2.58 

2.49 

2.49 

O-N-0 

124.2 

126.5 

125.3 

113.4 

122.3 

0-N-N 

117.9 

116.7 

117.4 

123.4 

118.8 

N-N-C 

117.7 

116.8 

117.5 

120.9 

118.0 

C-N-C 

124.2 

126.4 

125.1 

118.0 

123.9 

4.2  Molecular  Mechanics 

The  applications  of  molecular  mechanics  to  chemicals  such  as  these  is  difficult,  as  the  force 
fields  available  within  the  packages  are  not  well  parameterised  for  energetic  materials. 
Calculation  of  the  gas  phase  equilibrium  structure  of  DMN,  without  any  changes  to  the  force 
fields,  illustrates  this  well,  as  can  be  seen  in  Table  4  in  the  column  labelled;  "MM  Dreiding", 
where  the  prediction  of  the  angles  around  the  central  N  is  poor.  Modification  of  the  force 
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field,  by  changing  the  force  constant  term  for  the  C-N-C  bond  stretching  term,  overcame  this 
problem  and  improved  the  force  field  considerably. 

Having  achieved  this,  the  new  force  field  was  used  to  predict  the  crystal  structure  of  the 
DMN.  Here,  the  energy  of  3  dimensional  periodic  structures  was  minimised  with  respect  to 
all  the  atom  co-ordinates  and  with  respect  to  the  crystal  cell  dimensions.  The  program  did  not 
maintain  the  space  group  symmetry  of  the  molecule,  although  this  could  be  achieved  if  the 
molecule  is  assumed  to  be  rigid.  Charges  from  the  atoms  were  taken  from  potential  derived 
charges  (PDC).  These  charges  give  the  best  atom  centred  point  charge  model  of  the 
electrostatic  potential  of  the  molecule  that  is  possible  to  derive  directly  from  accurate  ab  initio 
calculations. 

Two  experimental  determinations  of  the  crystal  structure  of  DMN  have  been  reported  (5  and 
6).  The  results  of  reference  5  are  shown  using  the  notation  used  by  reference  6,  the  so  called 
type  II  lattice.  Using  the  default  force  field,  there  is  considerable  discrepancy  in  one  of  the 
parameters,  namely  the  lattice  parameter  along  the  same  direction  of  the  N-N  bond,  Further 
exploration  of  the  discrepancy  showed  that  the  final  structure  was  exceedingly  sensitive  to  the 
orientation  of  the  methyl  groups.  Experience  with  the  ab  initio  calculations  indicated  that  the 
methyl  groups  are  probably  rotating  and  a  unified  atom  description  of  -CH,  was  adopted  for 
the  van  der  Waals  interaction,  whilst  maintaining  the  H  atoms  as  charged  atomic  centres.  The 
results  for  this  calculation  are  in  much  better  agreement  vvith  the  experimental  results,  being 
within  2%  of  the  experimental  values.  No  change  was  made  to  the  C-N-C  angle  bending 
force  constant  to  obtain  this  result. 


Table  4 

Comparison  of  Experimental  and  Calculated  Crystal  Structures 


Cell  Parameter 

Experimental 
(Ref  5) 

Experimental 
(Ref  6) 

Minimised 
Default  Force 
Field 

Minimised 
Optimised 
Force  Field 

a  (A) 

6.56 

6.54 

6.67 

6.65 

b(A) 

6.27 

6.20 

6.37 

6.14 

c(A) 

6.09 

6.06 

6.48 

6.13 

p  (degrees) 

123.5 

123.7 

125.7 

125.8 

Density  (gms/cc) 

1.44 

1.46 

1.34 

1.47 

Energy  (kcals/mole) 

85.8 

77.20 
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The  structure  referred  to  in  Table  4  is  the  so  called  high  temperature  form  of  the  crystal  as 
defined  by  the  authors  of  reference  6.  These  authors  studied  a  phase  transition  at  107°K  and 
found  that  there  was  a  low  temperature  form  consistent  with  a  doubling  of  the  lattice  along 
the  c-  direction,  a  change  in  point  group  from  PT/m  to  P2|/c  and  a  change  in  molecular 
configuration  consistent  with  a  N-N  bond  forming  an  angle  with  the  C-N-C  plane  of  about 
10“at20°K. 

In  conclusion  it  appears  that  the  molecular  modelling  work  is  capable  of  describing  the 
nitramine  unit  reasonably  well  at  the  ab  initio  level,  as  long  as  a  sufficiently  large  basis  set  is 
used.  The  molecular  mechanics  method  has  been  tuned  to  predict  the  average  structure  of 
DMN  and  may  still  require  some  development  in  order  to  improve  the  description  of  the 
crystal.  The  final  prediction  of  the  crystal  density  is  in  good  agreement  with  the  experimental 
value.  The  changes  made  to  the  force  field  were  mainly  to  account  for  the  molecular  motion 
which  is  likely  to  occur  in  the  crystal.  In  particular,  the  force  field  ensures  a  planar  central 
nitrogen  molecule  in  the  nitramine  unit  and  a  smeared  out  description  of  the  repulsive  van  der 
Waals  interaction  for  the  methyl  groups. 

5.  RDX 

RDX  is  one  of  the  simplest  molecules  possessing  the  nitramine  group  in  a  ring  structure  and 
it  was  for  this  reason,  along  with  the  extensive  experimental  information  available  about  the 
molecule,  that  modelling  work  on  this  system  was  undertaken. 

RDX  has  a  6  membered  ring,  with  3  nitramine  groups  positioned  alternating  around  the  ring. 
The  ring  itself  can  exist  in  a  chair  or  a  boat  conformation  and  in  addition  the  nitro  groups  of 
the  nitramine  units  can  be  either  orientated  axially  or  equatorially  with  respect  to  the  ring. 

This  latter  feature  implies  that  the  central  nitrogen  is  pyramidal  in  nature,  something  which  is 
not  absolutely  clear  from  the  experimental  evidence  of  DMN,  but  which  is  supported  by  the 
most  accurate  calculations. 

Experimentally  (7),  RDX  crystallises  in  space  group  Pbca,  an  orthorhombic  crystal  system. 
The  six  membered  ring  of  RDX  adopts  a  chair  structure.  One  of  the  nitramine  groups  lies  in 
an  equatorial  position  to  the  ring  with  an  N-N-C-N  torsion  angle  of  145.6°.  The  other  two 
nitramine  groups  occupy  axial  positions  on  the  ring  with  torsion  angles  close  to  90°.  In  the 
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following  the  various  conformers  will  be  referred  to  by  'aae',  for  example,  which  refers  to  two 
axial  and  one  equatorial  nitrogen  in  the  ring. 

Crystal  packing  effects  obviously  influence  the  conformation  adopted  by  the  molecule.  Thus 
co-crystallisation  with  tetramethylene  sulphone  (8),  causes  RDX  to  adopt  a  chair 
configuration  with  one  axial  and  two  equatorial  nitramines.  Additional  substitution  on  the 
ring  also  causes  a  conformation  change, 

2,4,6-trimethyl-l,3,5-trinitro-hexahydro-l,3,5-triazine  (9)  where  one  of  the  hydrogens  of  the 
CHj  groups  in  the  ring  have  been  replaced  by  methyl  groups,  also  adopts  a  configuration  with 
one  axial  and  two  equatorial  nitramine  groups.  Carbonylation  of  the  ring  results  in  a  similar 
effect,  with  l,3,5-trinitro-2-oxo-l,3,5-triazacylcohexane  (10)  also  having  1  axial  and  2 
equatorial  nitramine  groups. 

All  of  the  experimental  crystal  structures  found  contain  the  RDX  ring  in  the  chair 
conformation. 

5.1  Ab  Initio  and  Semiempirical  Calculations 

Semiempirical  and  ab  Initio  calculations  using  both  the  6-3 1 G  and  6-3 1 G*  *  basis  sets  were 
performed  on  an  isolated  RDX  molecule.  Semiempirical  calculations  are  not  usually  as 
reliable  but  they  are  very  quick,  and  it  was  necessary  to  know  whether  they  might  be  useful 
for  further  calculations.  The  results  are  shown  together  with  the  ab  initio  results  in  Table  5. 

In  fact  the  semiempirical  calculations  were  unable  to  distinguish  between  the  axial  and 
equatorial  nature  of  the  nitramine  groups  and  this  was  put  down  to  its  inability  to  describe  the 
pyramidal  nature  of  the  central  nitrogen.  Only  a  single  chair  and  a  single  boat  conformer  was 
found  by  the  semiempirical  method.  The  nitramine  groups  were  always  best  described  by  an 
axial  conformation,  no  equatorial  conformations  were  found.  The  boat  conformation  was 
found  to  be  about  6  kcals/mole  higher  in  energy  than  the  chair. 

The  ab  initio  Hartree  Fock  calculations,  using  a  6-3 1 G  basis,  were  in  many  ways  similar  to 
the  semiempirical  results.  They  were  also  unable  to  distinguish  between  the  axial  and 
equatorial  conformers.  The  boat  optimisations  all  converged  to  the  same  structure,  which 
can  probably  be  best  described  by  eea,  whilst  the  chair  conformers  also  all  optimised  to  the 
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same  structure,  namely  aaa.  These  calculations  predict  the  boat  conformer  to  be  slightly 
more  stable  than  the  chair  by  about  0.4  kcals/mole. 


Table  5 

Calculated  Energies  of  RDX 


Starting 

Configuration 

Heat  of  Formation 
MOPAC 
(kcals/mole) 

Hartree-Fock 

(Hartree) 

6-31G  6-31G** 

Boat 

aaa 

110.5 

-892.004315 

-892.516079 

aae 

105.0 

-892.004317 

-892.516079 

eea 

110.5 

-892.004318 

-892.516079 

eee 

110.4 

-892.004317 

-892.516079 

Chair 

aaa 

104.9 

-892.002129 

-892.514526 

aae 

104.9 

-892.002136 

-892.516608 

eea 

110.5 

-892.002136 

-892.516425 

eee 

104.9 

-892.002135 

-892.510037 

The  experience  with  DMN  proves  useful  at  this  point  since  it  is  known  that  polarisation , 
functions  are  needed  to  represent  the  pyramidal  nature  of  the  nitrogen.  Calculations  on  RDX 
using  a  6-3 IG**  basis  set  do  indeed  discriminate  between  equatorial  and  axial  nitrogens  in 
the  chair  conformation.  Calculations  at  this  level  still  predict  that  there  is  only  one  boat 
conformer  with  a  conformation  best  described  as  eea.  The  overall  lowest  energy  structure 
found  is  that  observed  experimentally,  namely  the  chair  eea  conformer,  but  this  is  only  0.3 
kcals/mole  lower  in  energy  than  the  next  most  stable  structure,  the  boat  conformation.  The 
agreement  is  probably  fortuitous  as  there  are  other  energetically  low  lying  conformers  and  no 
account  has  been  made  of  packing  energies. 

5.2  Molecular  Mechanics  prediction  of  Crystal  Packing 

Taking  the  lowest  energy  structure  calculated  using  the  6-3 1G“  basis  calculations,  the 
electrostatic  potential  was  used  to  derive  PDC  charges  which  were  used  in  the  molecular 
mechanics  minimisation  of  the  full  three  dimensionally  periodic  crystal.  This  minimisation 
does  not  maintain  the  space  group  symmetry  of  the  system  but  allows  lattice  parameters  and 
inter  and  intra-molecular  parameters  to  adjust  so  as  to  minimise  the  total  energy  of  the 
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system.  Alternatively  the  molecules  can  be  held  rigid  and  the  packing  can  be  adjusted  so  as 
to  minimise  the  total  energy,  whilst  maintaining  the  space  group  symmetry  of  the  system. 
Such  an  approach  optimises  the  energy  with  respect  to  the  lattice  parameters  and  the 
intermolecular  interactions.  The  results  for  both  methods  are  shown  in  Table  6  and  compared 
with  experimental  x-ray  data. 


Table  6 


Comparison  of  Theoretical  and  Experimental  Packing  of  RDX  Crystals 


Experiment* 

Calculations 

Optimised 

a  (A) 

13.18 

13.63 

13.41 

b(A) 

11.57 

11.89 

11.78 

c(A) 

10.71 

10.82 

10.74 

P  (g/ml) 

1.81 

1.68 

1.74 

The  packing  approach  with  rigid  molecules  is  predicting  a  density  which  is  too  low  and  all 
lattice  dimensions  appear  to  have  enlarged  somewhat.  Full  minimisation  leads  to  a  lower 
energy  and  to  an  improved  density.  The  agreement  to  within  3%  of  the  experimental  lattice 
parameter  is  in  line  with  the  expected  accuracy  of  these  calculations. 

5.3  Crystal  Habit 

Calculation  of  the  predicted  crystal  morphology  from  the  crystal  data  is  very  straightforward 
using  the  Bravais  Friedel  Doimay  Marker  Model  (BFDH)  available  within  the  Cerius  package 
(2).  This  model  assumes  a  simple  inverse  relationship  between  the  d-spacing  of  a  growing 
crystal  face  and  its  rate  of  growth.  Based  on  this  and  some  simple  symmetry  rules  which 
forbid  the  existence  of  certain  faces,  it  is  possible  to  predict  the  crystal  shape.  For  RDX  the 
calculation  predicted  that  the  {200},  {020},  {002},  {11-1}  and  {210}  families  of  surfaces 
being  visible. 

Whilst  the  BFDH  is  very  useful  it  is  not  a  quantitative  method.  Generally  surfaces  predicted 
to  be  visible  by  BFDH  methods  are  seen,  but  the  size  of  the  surfaces  are  also  affected 
considerably  by  the  way  the  crystals  are  grown,  that  is,  the  degree  of  supersaturation  and  the 
solvent  used.  Some  experimental  work  for  RDX  has  been  reported  by  J.H.  ter  Horst  et 
al  (1 1).  Growing  from  cyclohexane  the  crystals  show  a  block  like  morphology  with  {200}, 
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{020}  and  {002}  surfaces  dominating  the  crystals.  When  water  is  included  with  the 
cyclohexane  the  {111}  surface  becomes  more  dominant,  but  the  {200}  family  of  surfaces 
remains.  Water  seems  to  improve  the  crystal  quality  and  saturation  leads  to  the  appearance  of 
{210}  surfaces.  In  y-butyrolcatone  the  {210}  and  the  {111}  surfaces  dominate  the 
morphology  with  some  appearance  of  the  {002}  surface. 

Comparison  with  the  predicted  morphologies  is  difficult.  As  expected  the  visible  surfaces  are 
indeed  those  predicted  to  be  present  by  both  BFDH  and  attachment  energy  calculations. 
However  the  role  of  solvent  is  obviously  key  to  the  final  morphology  and  consequently  we 
have  investigated  the  electrostatic  nature  of  the  significant  surfaces.  The  electrostatic 
potential  in  a  plane,  2k  above  a  surface  has  been  calculated.  Interestingly  the  largest 
electrostatic  separation  occurs  on  the  {111}  and  the  {210}  surfaces  and  these  are  precisely  the 
surface  which  are  likely  to  be  more  stabilised  by  a  polar  solvent. 
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Abstract 

Explosive  crystal  microstructure  has  an  influence  on  the  processing  and  on  the 
reactive  behavior  of  energetic  materials.  Metrology  tools  are  needed  to  study  and  to 
control  the  effects  of  the  explosive  crystal  properties.  These  tools  must  provide 
accurate  quantitative  measurements.  Advanced  and  sophisticated  metrology  tools  are 
available  for  single  crystal  characterization.  For  instance,  X-ray  Lang  topography 
method  can  be  used  to  analyze  the  crystallographic  volume  distortion  induced  by 
located  defects  in  a  single  crystal.  But  for  particle  batch  processing  and  control,  these 
very  accurate  tools  are  not  adapted  to  extract  parameters  wrhich  must  be 
representative  of  the  set  of  particles  of  the  batch. 

In  the  field  of  energetic  material  processing  and  control,  the  main  particle 
parameters  to  measure  are  the  particle  size,  the  particle  shape,  the  particle  surface 
porosity  and  the  solvent  inclusions  inside  the  crystals.  The  specific  needs  for  energetic 
material  characterization  are  pointed  out.  Limits  and  accuracy  of  existing  methods  are 
discusser] .  New  tools  are  described  for  solvent  inclusions  measurements. 

The  mercury  intrusion  porosimetry  experiment  and  the  BET  gas  sorption 
technique  are  used  for  particle  surface  characterization.  Both  methods  are 
complementary,  but  we  show  that  they  do  not  provide  all  the  required  information.  A 
small  amount  of  pores  whose  sizes  are  located  between  0.1  and  10  pm  cannot  be 
measured,  and  could  play  a  role  on  the  reactive  behavior  of  energetic  materials. 

Solvent  inclusions  have  been  found  to  be  an  important  property  of  explosive 
crystals.  A  good  measure  of  these  crystal  internal  defects  is  the  crystal  apparent 
density  distribution  curve  of  a  batch  of  explosive  particles.  The  ISL  experimental  setup 
is  recalled.  Performances  and  limits  of  this  device  are  discussed  and  compared  with 
other  existing  or  potential  methods. 
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1.  Introduction 

In  a  wide  range  of  applications  using  particles,  it  is  more  and  more  important  to 
get  a  fine  control  of  the  various  particles  properties  and  accurate  metrology  tools  are 
needed.  The  effects  of  particles  properties  on  the  processing  of  energetic  materials  are 
well-known.  The  sensitivity  of  energetic  materials  can  be  strongly  modified  by  several 
explosive  crystal  properties. 

Our  purpose  is  to  report  significant  experimental  correlations  which  demonstrate 
the  isolated  effect  of  a  well  defined  explosive  crystal  property.  Experimental  works  with 
careful  measurements  and  checking  of  the  explosive  crystal  properties  are  underlined. 

First  the  role  of  the  explosive  crystal  size  is  recalled.  The  effect  of  the  solvent 
inclusions  entrapped  in  the  explosive  crystals  has  been  demonstrated  using  the  ISL 
sort  experiment.  This  experimental  setup  allows  to  sort  the  explosive  crystals  in  function 
of  their  amount  of  solvent  inclusions.  This  crystal  sort  provides  also  a  measure  of  the 
explosive  crystal  apparent  density.  The  accuracy  and  limits  of  this  tool  are  discussed. 

To  improve  the  characterization  of  crystal  internal  defects,  the  use  of  digital  image 
analysis  is  investigated  using  optical  microscopy  with  matching  refractive  index  as  the 
imaging  method. 

In  the  last  part,  the  effects  of  the  explosive  crystal  shape  and  the  explosive 
crystal  surface  are  carefully  investigated.  The  specific  needs  to  measure  these 
explosive  crystal  properties  are  pointed  out. 

2.  Effects  of  the  explosive  crystal  properties  on  the  sensitivity  of  the  explosive 
cast  formulations. 

2.1  The  explosive  crystal  size. 

Moulard  ’  has  shown  the  effects  of  the  median  RDX  crystal  size  on  the 
sensitivity  of  monomodal  cast  PBX  formulations.  Three  RDX  crystal  batches  with  three 
separated,  narrow,  monomodal  particle  size  distributions  have  been  used.  In  order  to 
process  high  quality  PBX  formulations  free  of  any  residual  extragranular  porosity  the 
solid  load  was  70  percent  in  weight  ( ~  56  percent  in  volume). 
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Simpson  and  co-workers  ^  have  got  similar  results  with  formulations  containing 
from  48  to  72  percent  by  volume  HMX  and  using  reactive  and  non  reactive  binders. 

A  detailed  analysis  of  these  first  results  leads  to  take  into  account  other  crystal 
properties. 

Explosive  crystal  size  measurements  are  usually  performed  with  the  following 
tools:  sieving,  Coulter  counter,  laser  diffraction  apparatus,  or  digital  optical  microscopy. 
These  complementary  tools  are  based  on  different  physical  principles.  Comparison  of 
the  results  must  be  performed  with  care  and  could  provide  additional  informations  such 
on  the  crystal  shape. 


2.3  Effects  of  the  crystal  internal  defect  populations. 


Processed  batch  +  RDX  315/800  pm  Processed  batch  - 

Figure  1 :  Optical  microscopy  with  matching  refractive  index. 


Optical  microscopy  with  matching  refractive  of  explosive  crystals  like  RDX  or 
HMX  exhibits  closed  internal  cavities.  The  amount  and  size  of  these  crystal  internal 
defects  can  vary  in  a  iarge  range.  Micrographs  of  figure  1  show  two  kinds  of  RDX 
crystals  with  two  different  internal  defects  populations.  These  two  kinds  of  RDX  crystals 
have  been  sorted  from  a  same  commercial  grade  RDX  I 

The  study  of  the  shock  to  detonation  transition  of  two  similar  high  quality  cast 
formulations  using  these  two  kinds  of  RDX  crystals  shows  that  these  internal  defects 
are  potential  hot-spots  which  enhance  the  formulation  sensitivity. 
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Increasing  the  amount  of  internal  defects  leads  to  reduce  the  transit  time  of  an 
incident  plane  shock  wave  across  a  cast  formulation  sample  ^  Based  on  different  RDX 
batches  Baillou  and  co-workers  have  recorded  the  same  experimental  trends 

The  ISL  crystal  sort  experiment  is  an  accurate  tool  to  measure  the  internal 
defects  population  of  an  explosive  crystal  batch.  It  provides  a  very  accurate 
measurement  of  the  crystal  apparent  density.  Figure  2  shows  the  quantitative  results 
associated  with  the  RDX  batches 
of  figure  1. 

The  curves  give  the  amount  in 
weight  percent  of  crystals  which 
have  an  apparent  density  higher 
than  the  abscissa  value.  The  ISL 
sort  experiment  has  been 
presented  first  in  °  and  is 
discussed  in  more  details  in 
®.These  crystal  internal  defects  are 
closed  cavities.  The  amount  of 
species  entrapped  in  the  cavities  ( solvent,  air  and  water)  have  been  measured  ®.  The 
experimental  correlations  recorded  between  the  volume  of  species  entrapped  in  the 
cavities  and  the  crystal  apparent  density  records  validates  the  two  kind  of 
measurements  and  underlines  their  high  accuracy. 

The  ISL  sort  experiment  has  allowed  us  to  select,  among  commercially  available 
batches,  three  very  similar  HMX  batches  (200/300  pm)  with  large  differences  between 
their  respective  internal  defects  population.  A  strong  experimental  correlation  has  been 
recorded  between  the  plane  shock  wave  sensitivity  of  the  high  quality  cast  formulations 
and  the  amount  of  internal  defects  in  the  HMX  batches  The  magnitude  of  the  cast 
formulation  sensitivity  variations  recorded  was  significant  and  interesting  for 
applications. 
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Figure  2:  RDX  315/800  pm  -  ISL  sort  experiment 
-  crystal  internal  defect  populations. 


16-5 


More  recently  the  same  cast  formulations  using  the  same  HMX  batches  have 
been  impacted  by  20  mm  flat  ended  small  projectiles.  The  initiation  threshold  variations 
reach  30  %  and  are  in  total  agreement  with  plane  shock  wave  sensitivity  results  ^ . 

Increasing  the  amount  of  internal  defects  reduces  the  small  projectile  impact 
initiation  threshold.  This  confirms  the  important  role  of  the  solvent  inclusions  on  the 
sensitivity  of  cast  formulations. 

For  both  kind  of  shock  sensitivity  tests  (plane  shock  wave  and  small  projectile 
impacts),  the  sensitivity  classification  of  the  cast  formulations  are  very  similar. 
Nevertheless  the  sensitivity  does  not  vary  proportionally  to  the  amount  of  internal 
defects.  The  main  difference  between  the  three  HMX  crystals  batches  is  the  global 
amount  of  solvent  inclusions,  but  a  careful  and  comparative  analysis  of  the  HMX 
crystals  shows  some  variations  of  the  sizes  of  the  solvent  inclusions  and  of  the  crystal 
surface  properties  (shapes  and  open  porosities). 

To  measure  the  sizes  of  the  solvent  inclusions  of  the  explosive  crystals,  we  need 
a  new  tool.  The  numerical  processing  of  images  of  microscopy  with  matching  refractive 
index  is  investigated. 

Mathematical  morphology  is  a  powerful  toolbox  for  image  processing  and  particle 
morphology  analysis.  Using  these  toois  robust  solutions  have  been  found  and  some 
analysis  performed 

The  extraction  of  the  inclusions  data  is  not  the  main  probiem.  The  extraction  of 
the  crystai  informations  is  the  more  difficult  task.  As  the  solvent  inclusions  belong  to  a 
crystal,  the  inclusion  properties  ( amount,  sizes)  are  linked  to  the  studied  crystai.  This 
means  that  extracted  inclusions  data  must  be  reiated  to  crystal  data.  The  matching  of 
the  refractive  index  between  the  crystal  and  the  surrounding  medium  leads  to  enhance 
the  contrast  between  the  inclusions  and  the  crystal.  But  the  contrast  between  the 
crystal  and  the  external  medium  is  very  low. 

Another  difficulty  is  the  sampling  problem.  To  extract  the  desired  quantitative 
informations,  the  magnification  employed  often  leads  to  a  restricted  number  of  particles 
in  the  image.  A  compromise  must  be  found  between  the  resolution  inside  the  crystal  (at 
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the  inclusion  level)  and  the  number  of  crystals  in  the  image.  Then  the  user  will  have  to 
process  several  images.  This  means  that  the  process  ( data  acquisition  and  analysis) 
should  be  automatic  to  keep  its  interest.  The  development  of  this  kind  of  automatic  tool 
is  more  difficult  and  is  in  progress. 

A  common  drawback  of  image  processing  is  the  compression  of  the  true 
information  on  the  image  plane.  But  despite  the  problems,  an  interest  of  the  image 
processing  methods  is  the  storage  of  the  raw  data  ( the  image).  This  allows  to  process 
freely  the  data,  using  tools  and  models  which  could  always  be  improved. 

2.3  Effects  of  Crystal  surface  properties;  shape  and  surface  porosities. 

A  first  attempt  to  check  the  influence  of  crystal  shape  and  crystal  surface  is  done 
in®.  In  order  to  reach  a  solid  load  of  85  weight  percent,  bimodal  mixtures  of  RDX  were 
used.  This  work  provides  interesting  sensitivity  variations  between  the  various  cast  PBX 
formulations.  Nevertheless  the  amount  of  solvent  inclusions  in  the  different  crystal 
batches  was  not  checked.  Moreover  crystal  shapes  were  characterized  qualitatively 
using  scanning  electron  microscopy.  Quantitative  measurements  of  the  particle  surface 
properties  would  have  improved  this  study.  A  quantitative  experimental  correlation 
between  the  surface  porosities  of  explosive  crystals  and  their  combustion  rate  has  been 
published  in 

The  following  study  has  been  performed  in  order  to  investigate  the  respective 
influence  of  explosive  crystal  surface  properties  (crystal  shape  ,  open  porosities)  and 
explosive  crystal  volume  properties  (solvent  inclusions)  on  the  shock  sensitivities  of 
high  quality  cast  formulations. 


2.3.1  Shock-Detonation  transition  measurements 
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The  explosive  formulations  use 


two  RDX  batches  with  the  same  narrow 


Commercial  Grade  RDX 


monomodal  crystal  size  distributions;  I  . . 

400/500  pm.  To  have  a  very  good  _ sieving 

control  of  the  various  parameters,  both  batch 

RDX  400/500  pm 

RDX  batches' have  been  processed  from  - : — - 

surface  processing  and  sieving 

a  unique  commercial  grade  RDX  batch  r; - ^ - 

Processed"  batch 

(figure  3).  The  “  processed  “  batch  is  rDX  400/500  pm 

obtained  by  stirring  in  hot  saturated 

.  Tu-  1  j  *  *u-  j  Figure  3:  processing  of  the  "raw"  and " 

acetone.  This  ieads  to  a  smoothing  and  ^  ^ 

^  processed  batches 

a  spheroidizing  of  the  RDX  crystals.  - 

Finally  the  RDX  processed  crystals  are  sieved  in  order  to  keep  the  narrow  monomodal 
crystal  size  distribution  of  the  raw  batch.  A  fine  characterization  of  each  RDX  lot  is 
performed.  Figure  4  shows  that  the  crystals  of  the  "processed"  batch  exhibit  more 
isotropic  shapes  (twin  crystals  are  removed). 


Raw  batch  Processed  batch 

Figure  4;  RDX  400/500  pm 

The  surface  porosity  is  also  modified  (figure  5).  The  surface  processing  reduces 
the  amount  of  pores  on  the  surface  of  the  explosive  crystals. 
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Similar  high  quality  cast  formulations  have  been  processed  based  on  these  two 
RDX  batches:  70  wt  percent  RDX  and  30  wt  percent  wax .  The  formulation  shock  to 
detonation  transition  is  checked  using  the  records  of  discrete  points  of  the  usual  space- 
time  diagram.  Chronometric  PVDF  gauges  provide  a  very  accurate  recording  of  the 

incident  plane  shock  wave  transit 
time  across  a  formulation  sample 
of  calibrated  thickness.  Results 
are  plotted  on  figure  6.  They  show 
that  the  crystal  processing  leads 
to  reduce  the  shock  transit  time 
across  the  formulation  sample. 
Spherical  crystal  shape  and 
smooth  crystal  surface  contribute 
to  reduce  the  shock  sensitivity  of 
cast  formulations. 
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2.3.2  RDX  crystal  internal  defects 

The  crystal  internal  defects 
populations  of  each  batch  are 
checked  in  measuring  the  crystal 
apparent  density  (figure  7).  The 
surface  processing  leads  to  a 
small  crystal  apparent  density 
decrease:  0.002  g/cm’.  On  the 
basis  of  spherical  particles  free  of 
cavities  in  the  vicinity  of  their 
surface,  this  apparent  density 
variation  could  be  explained  by  a 
decrease  of  the  particle  diameter. 

The  order  of  magnitude  of  the  particle  diameter  reduction  would  be  30  pm.  The 
assumption  of  a  very  limited  amount  of  defects  in  the  vicinity  of  the  crystal  surface  is 
supported  by  the  optical  microscopy  images  obtained  with  the  matching  refractive  index 
method.  The  sieving  performed  after  the  surface  processing  confirms  that  the  crystal 
size  decrease  during  the  surface  processing  is  very  limited. 

In  conclusion  the  surface  processing  is  like  a  peeling  process.  It  does  not  alter 
the  crystal  internal  defects.  Moreover  the  results  illustrate  the  high  accuracy  of  the 
measurements  of  the  explosive  crystal  apparent  density  performed  at  ISL. 

2.3.3  RDX  crystal  surface  properties. 


apparent  density  (g/cm3) 


Figure  7:  RDX  400  /  500  pm  Apparent  density 
distribution-  Internal  defects  population  - 
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There  are  two  usual  tools  for  the  measurements  of  particle  surface  properties. 
The  first  method  uses  the  volumetric  adsorption  of  a  gas  on  a  sample  of  particles.  This 
ailows  the  measurement  of  the  specific  surface  of  these  particles  (B.E.T  method).  A 
porous  distribution  can  be  computed  using  the  B.J.H  method  based  on  the  desorption 
curve.  The  range  of  measured  pore  sizes  is  located  between  about  0.001  pm  and  0.02 
pm.  The  second  method  allows  to  investigate  iarger  pores  (0.1  pm  to  50  pm).  This  is 
the  mercury  intrusion 
experiment. 


BET  measurements: 

Figure  10  gives  several  specific 
area  measurements  (B.E.T 
method)  performed  on  both  RDX 
batches  using  increasing 
amounts  of  particies  to  check  the 
accuracy  of  the  measurements. 

Results  show  that  the  RDX  raw 
and  processed  batches  have  very  low  specific  areas  which  are  close  to  the  theoretical 
prediction  of  non  porous  RDX  spheres  of  similar  sizes.  The  accuracy  of  the  results  is 
very  low  because  of  the  use  of  sample  weight  below  1 5  g.  Security  reasons  and  the 
container  design  do  not  allow  to  use  RDX  sample  weight  higher  than  15  g.  This  leads  to 
measure  a  surface  of  about  0.1  m^  which  is  the  low  limit  of  the  experimental  device  for 
measuring  areas. 
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Figure  10;  accuracy  of  B.E.T  measurements. 
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Figure  1 1  gives  a  magnification  of  a 
porous  zone  on  a  RDX  particle  of  the 
raw  batch.  According  to  figure  1 1  the 
pores  sizes  on  the  particles  are  located 
between  0.1  and  10  pm.  But  it  is 
important  to  keep  in  mind  that  the 
extent  of  such  porous  zone  on  the 
particle  surface  is  very  low.  Similar 
porous  surface  does  not  exist  on  the 
RDX  particles  of  the  processed  batch. 


Despite  the  low  accuracy  of  the 
B.E.T  measurements  because  of  the 
very  low  specifc  area  of  the  particles,  a 
comparison  with  theoretical  predictions 
gives  quantitative  informations  on  the 
amount  of  pores  on  the  RDX  crystal 
surface.  Figure  12  gives  the  most 
significant  results  of  these  predictions. 
The  computed  specific  areas  of  a  450 
pm  RDX  spherical  particle  with  1  pm 
cylindrical  pores  of  height  h  are  plotted  in 
function  of  the  rs  parameter  which 

represents  the  number  of  pores. 

The  parameter  rs  gives  the  percentage  of  the  surface  covered  by  the  pores  on 
the  spherical  particle.  Results  are  provided  for  two  different  pore  height  h. 

Choosing  any  cylindrical  pore  diameter  d  below  10  pm  and  keeping  constant  the 
ratio  h/d  does  not  change  the  results.  Figure  12  shows  that  an  amount  of  cylindrical 
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Figure  12;  Specific  area  simulations 
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pores  (d=1  pm,  h=1.5  pm)  covering  more  than  20  %  of  the  surface  of  the  sphere  would 
lead  to  a  specific  area  variation  which  would  be  of  about  0.01  g/cm®.  This  variation 
could  be  recorded  with  our  experimental  apparatus  In  using  a  sample  weight  higher 
than  10  g,  but  figure  10  shows  that  the  real  crystal  shape  and  surface  porosities  lead  to 
a  smaller  variations  of  the  specific  surface  area:0.005  g/cm^  This  shows  that  the 
amount  of  pores  on  the  surface  of  RDX  particles  of  the  two  batches  is  very  limited  and 
does  not  cover  more  than  15-20%  of  the  particle  surface.  This  agrees  with  the 
qualitative  observation  on  figures  5  and  11. 

In  conclusion  the  BET  method  is  inefficient  to  characterize  the  surface 
differences  qualitatively  observed  between  the  two  RDX  batches.  The  comparison 
between  the  measurements  and  the  simulations  shows  only  that  the  amount  of  the  pore 
on  the  surface  of  both  RDX  batches  is  very  low. 

Nevertheless,  the  measured  specific  areas  of  the  particles  of  the  processed 
batch  are  slightly  below  the  measured  specific  areas  of  the  particles  of  the  raw  batch. 
This  Is  in  agreement  with  the  qualitative  observations  performed  on  the  electronic 
microscopic  images.  Particles  of  the  processed  batch  exhibit  more  isotropic  shapes  and 
smoother  surface  than  particles  of  the  raw  batch. 

The  BET  method  is  usually  employed  to  record  the  specific  area.  Use  of  the 
desorption  curve  provides  informations  on  the  size  distribution  of  the  smallest  pores  (in 
the  range:  1-20  nm).  Data  on  pores  whose  sizes  are  located  between  0.1  and  50  pm 
may  be  obtained  by  means  of  mercury  intrusion. 

Mercury  Intrusion  experiment 

The  mercury  intrusion  porosimetry  experiment  provides  a  measurement  of  the 
porous  volume  in  function  of  the  pore  radius.  The  experimental  results  for  the  two  RDX 
batches  (400/500  pm)  are  plotted  on  figure  13.  The  amount  of  pores  in  the  processed 
crystal  samples  is  lower  than  for  the  raw  crystal  samples.  This  is  in  agreement  with  the 
reduction  of  the  surface  porosity  and  with  more  isotropic  crystal  shapes. 
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The  sharp  variation  of  the  pore  volume  for  the  largest  pore  diameters  (>30  pm) 
is  representative  of  the  narrow  monomodal  crystal  size  distribution  (400/500  pm). 
These  large  pores  are  the  voids  between  the  crystals  in  the  measured  sample.  They 


pore  diameter  (pm) 

Figure  13:  Mercury  intrusion  porosimetry  -  RDX  400/500  pm. 
are  very  similar  for  both  RDX  batches  as  the  respective  crystal  size  distributions  are. 

For  pores  sizes  located  between  30  and  100  pm,  a  small  difference  is  recorded 
for  the  respective  pore  volume  of  the  two  RDX  batches.  This  is  representative  of  crystal 
shape  variations  (for  instance  the  disturbance  generated  between  the  two  parts  of  a 
twin  crystal). 

For  pore  sizes  below  30  pm,  and  for  the  two  RDX  batches  there  is  no  additional 
pore  volume.  The  surface  porosity  of  both  RDX  batches  and  the  experimental 
resolution  are  too  low  to  record  any  information  in  this  pore  size  range.  The  predicted 
porous  volume  for  a  unit  mass  of  450  pm  spherical  RDX  particle  with  n  cylindrical  pores 
of  various  diameter  d  (  height  =  1.5  d)  is  also  plotted  on  figure  13.  As  previously,  n  the 
number  of  pores  on  the  sphere  is  represented  by  the  parameter  rs.  This  shows  that  the 
amount  of  pores  whose  size  is  located  between  1  and  1 0  pm  is  very  low  and  that  the 
corresponding  rs  parameter  should  be  below  15%.  This  is  in  agreement  with  the  results 
obtained  with  the  gas  sorption  method. 
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The  mercury  intrusion  experiment  provides  a  measurement  of  the  RDX  particle  shape 
variations  but  does  not  allow  to  measure  the  variations  of  surface  porosities  of  the  two 
RDX  batches. 

A  very  similar  work  has  been  performed  with  another  narrow  crystal  size 
distribution:  150/200  pm  It  leads  to  the  same  results  and  conclusions.  Both  studies 
show  the  effects  of  RDX  crystal  surface  properties  on  the  shock-to-detonation  transition 
of  cast  formulations.  But  it  is  not  possible  to  distinguish  between  the  respective 
influence  of  crystal  shape  and  crystal  surface  porosities.  Scanning  electronic 
microscope  shows  variations  of  shapes  and  surface  porosities.  Mercury  intrusion 
porosimetry  provides  measurements  of  the  RDX  crystal  shape  variations,  but  no 
accurate  measurements  of  low  surface  porosities  is  available.  There  is  a  need  to 
measure  small  amount  of  surface  porosities  in  the  range  0.1  - 10  pm. 

3.  Conclusions. 

Explosive  crystal  defects  are  potential  hot  spots.  Among  the  varieties  of  crystal 
defects,  which  are  the  critical  defects?  solvent  inclusions?  tiny  crystallites  of  secondary 
growth  on  the  surface  of  crystals?  large  or  small  defects?... 

Accurate  experimental  correlations  between  explosive  crystal  properties  and  the 
shock  sensitivity  of  the  explosive  formulations  are  difficult  to  get  because  customizing 
and  measuring  crystal  properties  is  an  hard  work. 

Solvent  inclusions  in  an  explosive  crystal  can  have  large  effects  on  the  sensitivity 
of  cast  formulations.  Increasing  the  amount  of  solvent  inclusions  lead  to  increase  the 
formulation  sensitivity.  An  accurate  measurement  tool  has  been  developed  to  record 
the  global  amount  of  solvent  inclusions  in  an  explosive  crystal  batch.  Measures  of  the 
sizes  of  the  solvent  inclusions  could  improve  the  experimental  works  and  help  the 
understanding  of  the  shock  to  detonation  transition. 

The  effects  of  explosive  crystal  surface  properties  on  the  sensitivity  of  cast 
formulations  has  been  demonstrated.  Small  variations  of  the  crystal  surface  properties 
lead  to  small  but  significant  variations  of  the  shock  sensitivity  of  cast  formulations. 
Sensitivity  variations  are  higher  than  the  experimental  resolution  and  are  significant. 
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The  variations  of  the  crystal  surface  properties  can  be  observed  qualitatively  using 
scanning  electronic  microscopy,  but  are  to  low  to  be  measured  with  the  usual  tools. 
These  tools  were  developed  for  the  characterization  of  highly  porous  materials  with 
high  specific  surface  values. 

With  explosive  crystals,  the  range  of  specific  surface  to  measure  is  usually  low  ( 
from  0.01  to  about  10  m^/g )  and  the  surface  porosity  is  limited.These  tools  are  not 
adapted  to  the  needs  In  the  field  of  energetic  materials.  There  is  a  need  for  new  tools. 
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Kurzfassung 

Ziel  dieser  Arbeit  war  es,  den  Einflufi  von  Ultraschall  auf  die  homogene  Nukleation  von 
Kaliumaluminiumsulfat  (Kalialaun)  in  waBriger  Losung  imd  3-Nitro-l,2,4-triazol-5-on  (NTO) 
in  verschiedenen  Losungsmitteln  zu  untersuchen.  Hierzu  wurden  Kristallisationsversuche  mit 
variierenden  Abkuhlgeschwindigkeiten  mit  und  ohne  Ultraschall  durchgefuhrt,  die  hinsicht- 
lich  Induktionszeit,  PartikelgrdCe  und  Ausbeute  ausgewertet  und  verglichen  wurden.  Bei 
diesen  Untersuchungen  zeigte  sich  ein  unterschiedlicher  EinfluB  der  verschiedenen  Losungs- 
mittel  auf  die  Induktionszeit.  So  weist  NTO  in  Isopropanol,  Methanol  und  Dimethylformamid 
gelost  eine  Induktionszeit  von  mehreren  Stunden  auf,  die  auch  durch  den  Einsatz  von  Ultra¬ 
schall  nicht  verkiirzt  werden  konnte.  Demgegenuber  setzte  die  Keimbildung  bei  der  Kristal- 
lisation  aus  Wasser  sowohl  beim  Kalialaun  als  auch  beim  NTO  schon  nach  wenigen  Minuten 
ein.  An  diesem  System  konnte  die  Induktionszeit  zudem  durch  den  Einsatz  des  Ultraschalls 
beeinfluBt  werden.  Es  war  also  moglich,  die  Keimbildung  gezielt  zu  starten,  was  sich  deutlich 
in  der  Produktqualitat  bemerkbar  machte.  So  wiesen  die  Kristalle  eine  gleichmaBigere  Form 
auf,  waren  im  Mittel  deutlich  kleiner  imd  batten  eine  engere  KomgroBenverteilung.  Zudem 
lieBen  sich  reproduzierbarere  Ergebnisse  erzielen. 
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1.  Einleitung 

In  der  industriellen  Kristallisation  stellt  die  Kontrolle  der  primar  homogenen  Keimbildung  ein 
groBes  Problem  dar.  Ursache  hierfur  ist  vor  allem  die  Tatsache,  daB  dieser  Vorgang  aus- 
schlieBlich  unter  thermodynamisch  metastabilen  Bedingungen  ablauft.  Der  Zustand,  bei  dem 
es  zu  einer  Phasenbildung  durch  homogene  Nukleation  kommt,  wird  fur  viele  Materialien  erst 
bei  sehr  hohen  Ubersattigungen  erreicht.  Aufgrund  dieser  hohen  Ubersattigungen  ergeben  sich 
erhebliche  Nachteile  fiir  den  KristallisationsprozeB.  Es  kommt  z.B.  zu  sehr  langen  Induktions- 
zeiten  und  zu  breiten  und  vor  allem  nicht  reproduzierbaren  PartikelgroBenverteilungen.  Die 
Keimbildungsrate,  hervorgerufen  durch  homogene  Nukleation,  hangt  exponentiell  von  der 
Hohe  der  Ubersattigung  ab,  wobei  der  Exponent  Werte  von  100  und  mehr  erreichen  kaim. 
Dies  bedeutet,  daB  das  Eintreten  der  Keimbildung  schon  bei  geringfugig  unterschiedlichen 
Ubersattigungen  zu  einer  bedeutenden  Qualitatsanderung  im  Produkt  fuhrt,  Andererseits  las- 
sen  sich  durch  die  kontrollierte  Erzeugung  solch  stark  iibersattigter  Zustande  feine  Partikel 
herstellen,  da  ein  GroBteil  der  vorhandenen  Ubersattigung  durch  die  Keimbildung  abgebaut 
wird,  so  daB  fiir  das  sich  anschlieBende  Kristallwachstum  nur  noch  wenig  Material  zur  Verfu- 
gung  steht,  das  sich  zudem  auf  sehr  viele  Partikel  verteilen  muB.  Um  dies  zu  erreichen,  muB 
die  homogene  Keimbildung  kontrolliert  initiiert  werden.  Es  ist  schon  seit  langerer  Zeit  be- 
kannt,  daB  verschiedene  physikalische  oder  chemische  Phtoomene  EinfluB  auf  die  Keim¬ 
bildung  haben.  Hierzu  gehort  neben  der  Anwesenheit  einer  heterogenen  Phase,  dem  mecha- 
nischen  Energieeintrag  durch  einen  Riihrer  auch  die  Kavitation,  die  z.B.  durch  Ultraschall- 
wellen  hervorgerufen  werden  kaim.  Mason  [1]  und  Kapustin  [2]  zeigten  in  ihren  Arbeiten,  daB 
der  Einsatz  von  Ultraschall  in  der  Kristallisation  von  besonderem  Interesse  ist.  Insbesondere 
fiir  Schmelzkristallisationsvorgange  wurde  diese  Technik  bereits  intensiv  erforscht  und  hat 
technische  Anwendung  in  der  Metallurgie  gefimden. 

Gerade  bei  der  Kristallisation  von  energetischen  Materialien  (z.B.  Hexogen,  Oktogen,  NTO 
etc.)  kaim  das  gezielte  Auslosen  der  Keimbildung  zu  einer  Produktverbesserung  fiihren.  Die 
sonst  in  der  industriellen  Kristallisation  haufig  verwendete  Methode  zur  gezielten  Einleitung 
der  Nukleation  durch  Einbringen  von  Saatkristallen  ist  hier  mit  Nachteilen  fiir  die  Produkt- 
qualitat  verbunden,  da  die  Saatkristalle  im  Produkt  verbleiben,  wodurch  Spannungen  im  Kri- 
stall  entstehen  konnen,  die  wiederum  zu  einer  Erhohung  der  Empfindlichkeit  des  Explosiv- 
stoffes  beitragen  kaim. 
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2.  Theorie 

Bei  der  Kristallisation  werden  feste  kristalline  Phasen  aus  Losungen,  Schmelzen  oder  Gasen 
abgeschieden.  Die  am  haufigsten  angewandte  Technik  ist  die  Kristallisation  aus  Ldsungen,  es 
existieren  aber  auch  bedeutende  Verfahren  zur  Kristallisation  aus  Schmelze  oder  Gasphase. 
Die  Fallung  ist  ein  Spezialfall  der  Kristallisation,  bei  der  die  selektive  Abscheidung  einer  fe- 
sten  Phase  aus  einer  Losung  durch  eine  chemische  Reaktion  erfolgt. 

Der  KristallisationsprozeB  entsteht  aus  dem  Zusammenwirken  der  sich  zeitlich  iiberlagemden 
Teilschritte:  Keimbildung,  Kristallwachstum,  Ostwald-Reifimg,  Agglomeration  und  Re- 
kristallisation.  Die  erforderliche  treibende  Kraft  fur  den  Kristallisationsvorgang  ist  die  Uber- 
sattigung  des  Systems.  Abhangig  von  der  Art  und  Weise,  wie  dieser  Ungleichgewichtszustand 
erreicht  wird,  spricht  man  von  Verdampfimgskristallisation,  Kiihlungskristallisation, 
Vakuumkristallisation,  Druckkristallisation  und  Aussalzung  oder  Fallungskristallisation. 

Ftlr  die  Konzeption  eines  Kristallisationsverfahrens  ist  die  Kenntnis  des  Zustands-  oder  Pha- 
sendiagrammes,  welches  bei  der  sogenannten  Losungskristallisation  auch  in  vereinfachter 
Form  als  ’’LSslichkeitsdiagramm”  bezeichnet  wird,  von  entscheidender  Bedeutung. 

Jede  Phase  existiert  nur  in  einem  bestimmten  Temperatur-,  Druck-  und  Konzentrations- 
bereich.  Die  Darstellung  dieser  Existenzgebiete  in  Abhtogigkeit  von  der  Zustandsvariablen 
erfolgt  in  Form  von  Zustandsdiagrammen. 

Das  c-T-Diagramm  ist  fur  den  Ubergang 
Ldsung-Festkorper  die  einfachste  Dar- 
stellungsart  eines  binaren  Systems 
(Abbildung  1).  Darin  stellen  der  Bereich 
I  ungesattigte  Losungen  (stabile  Losun¬ 
gen),  die  Linie  1  die  gesattigten  Gleich- 
gewichtslosungen  und  das  Gebiet  II 
tlbersattigte  Losungen  (instabile  Losun¬ 
gen)  dar,  welche  in  den  entsprechenden 
gelosten  Stoff  und  eine  Gleich- 
gewichtslosung  zerfallen.  Zwei  mog- 
liche  Phaseniibergange  sollen  anhand 

Abb.  1 :  Schema  eines  c-T-Diagrammes  eines  binSren  Systems 

dieses  Schaubilds  kurz  erlautert  werden: 

Wird  eine  untersattigte  Losung,  die  durch  den  Punkt  P,  dargestellt  und  durch  die  Temperatur 


Temperatur  T  in  “C 
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Tj  imd  die  Konzentration  c,  bestimmt  ist,  abgekuhlt,  so  erreicht  diese  Losung  im  Punkt  Pj  (Tj, 
c,)  die  Gleichgewichtskurve.  Bei  weiterer  Abkuhlung  wird  diese  uberschritten,  und  es  entsteht 
beispielsweise  in  Punkt  P3  (T„  c,)  eine  iibersattigte  Losung,  die  in  ein  Kristallisat  und  eine 
Gleichgewichtslosung  des  Zustandes  P4  (T„  Cj)  zerfallt.  Aus  der  Differenz  Ac  =  c,  -  Cj  kann 
die  Masse  des  auskristallisierenden  Stoffes  bestimmt  werden  [3]. 

Als  gesattigt  wird  eine  Losung  bezeichnet,  die  mit  einer  oder  mehreren  festen  Phasen  im 
Gleichgewicht  steht  (Sattigimgskonzentration).  Es  lassen  sich  jedoch  auch  Losungen  herstel- 
len,  die  einen  groBeren  Anteil  an  Feststoff  enthalten,  als  es  der  Sattigimgskonzentration  ent- 
spricht.  Solche  Losungen  werden  als  iibersattigt  bezeichnet  und  sind  die  Voraussetzung  fur 
alle  Kristallisationsvorgange.  Miers  [4]  kormte  diese  Zusammenhange  durch  Messungen  mit 
dem  Refraktometer  wahrend  des  Kiihlungsprozesses  von  konzentrierten  waBrigen  Salz- 
losungen  beobachten.  Die  daraus  abgeleiteten  verallgemeinerten  Feststellungen  gehen  aus 
Abbildung  2  hervor.  In  dem  abgebildeten  binaren  System  ist  die  Kurve  1  die  Gleichgewichts- 
oder  Loslichkeitskurve,  die  Kurve  2  die  sogenannte  Uberloslichkeitskurve.  Die  entstehenden 
unterschiedlichen  Gebiete  werden  als  stabil  bzw.  labil  bezeichnet.  Der  von  der  Loslichkeits- 
und  Clberldslichkeitskurve  eingeschlossene  Bereich,  wird  metastabiler  oder  Ostwald-Miers- 
Bereich  genannt.  Bei  genauerer  LFntersuchung  ist  es  mbglich  zwei  verschiedene  Oberlbslich- 
keitskurven  zu  detektieren.  Beim  Erreichen  der  ersten  Oberloslichkeitskurve  bilden  sich  die 
ersten  vereinzelten  Keime,  an  der  zweiten  tritt  schlagartig  mit  hoher  Geschwindigkeit  die 
weitere  Keimbildung  auf,  deren  Warmeentwicklung  meBbar  ist. 


Abb.  2:  Lbslichkeitsdiagramm  eines  binSren  Systems  mit  LOslichkeits-  und  Uberloslichkeitskurve 
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Fiihrt  man  eine  Kuhlimgskristallisation  ohne  Saatzusatz  durch,  so  wird  die  Keimbildung  mit 
zunehmender  Abkuhlgeschwindigkeit  immer  weiter  von  der  Sattigungstemperatur  entfemt 
einsetzen.  Die  Breite  des  metastabilen  Bereichs  hangt  damit  von  der  Art  der  Einstellung  der 
Ubersattigung  ab.  Dieses  ist  insbesondere  bei  einer  dynamischen  Einstellung  der  Ubersattl- 
gung  der  Fall,  wobei  die  Breite  des  metastabilen  Bereichs  mit  abnehmender  Abkuhl¬ 
geschwindigkeit  gegen  null  geht. 

Weicht  die  Konzentration  metastabiler  Losungen  nur  in  geringem  MaBe  von  der  Gleich- 
gewichtslosung  ab,  so  ist  durch  Zusatz  von  Saatkristallen  ein  fast  ideales  Wachstum  eines 
Korns  Oder  von  Komerkollektiven  mdglich,  da  in  diesem  Zustand  die  Ubersattigung  nicht 
durch  Keimbildung  abgebaut  wird.  Dagegen  erhalt  man  bei  einem  KristallisationsprozeU,  der 
bis  in  das  labile  Gebiet  gefiihrt  wird,  auf  Grund  der  hohen  Keimbildung  ein  sehr  kleines 
Komspektrum. 

2.1  Keimbildung 

Der  Zustand  der  Ubersattigung  oder  Unterkiihlung  allein  geniigt  jedoch  nicht  als  Ursache,  um 
eine  Ldsung  auszukristallisieren.  Bevor  sich  Kristalle  entwickeln  kdnnen,  mtissen  in  der  Lb- 
sung  eine  Anzahl  kleinster  fester  Teilchen,  Embryonen,  Keime  oder  Saatkristalle  vorhanden 
sein,  die  als  Kristallisationszentren  wirken.  Keimbildung  kann  spontan  und  plbtzlich  auftreten 
Oder  kann  ktinstlich  herbeigefuhrt  werden.  Es  ist  jedoch  nicht  immer  moglich  zu  entscheiden, 
ob  ein  System  von  selbst  Keime  gebildet  hat  oder  ob  es  dies  unter  dem  EinfluB  einer  auBeren 
Anregung  getan  hat. 

Keimbildung  kann  haufig  durch  Anregungen,  wie  etwa  Riihren,  mechanische  StoBe,  Reibung 
und  extreme  Driicke  ausgelost  werden.  Die  noch  unvorhersehbaren  Auswirkungen  auBerer 
Einflusse,  wie  z.  B.  elektrische  und  magnetische  Felder,  Funkenentladungen,  UV-Licht, 
Rontgen-  und  Gammastrahlen,  Schall-  und  Ultraschallemission,  werden  seit  mehreren  Jahren 
untersucht.  Jedoch  haben  solche  Methoden  bis  heute  keine  bedeutende  Anwendung  in  der 
technischen  Massenkristallisation  aus  Losungen  gefimden. 

Es  ist  durch  Kavitation  moglich,  in  unterkiihlten  Losungen  Keimbildung  auszulosen.  Dies 
trifft  wahrscheinlich  ebenso  auf  eine  Reihe  der  obengenarmten  Effekte  zu.  Hunt  und  Jackson 
[5]  haben  mit  Hilfe  einer  neuartigen  Versuchstechnik  gezeigt,  daB  die  Keimbildimg  dann  er- 
folgt,  wenn  die  Hohlraume  (Kavitaten)  kollabieren  und  in  sich  zusammenfallen.  Dabei  kbnnen 
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sehr  hohe  DrUcke  (~  10’  bar)  entstehen.  Die  Anderung  des  Bracks  setzt  die  Kristallisations- 
temperatur  der  Losung  herab,  was  die  Keimbildung  zur  Folge  hat  [6]. 

In  Abhangigkeit  von  den  Bedingungen,  unter  denen  Keime  entstehen,  werden  die  in  Abbil- 
dung  3  dargestellten  Arten  der  Keimbildung  unterschieden.  Keime,  welche  aus  der  Ubersat- 
tigung  der  LOsung  resultieren,  werden  als  primSre  Keime  bezeichnet.  Tritt  Keimbildung  in 
Anwesenheit  von  arteigenen  Kristallen  auf,  wird  der  Mechanismus  als  sekundare  Keim¬ 
bildung  bezeichnet.  Bei  der  homogenen  Keimbildung  entstehen  die  Keime  spontan  und  un- 
beeinfluBt  von  fremden  Stoffen.  Wird  die  Keimbildung  durch  Fremdstoffe,  wie  z.  B.  Staub 
und  Rostpartikel  in  der  Losung,  oder  Wandrauhigkeiten  initiiert,  spricht  man  von  heterogener 
Keimbildung. 


Keimbildung 


primar  sekundar 

(induziert  diirch  Kristalle  der  selben 
chemischen  Zusaramensctzung) 

homogen  heterogen 

(spODtan)  (induziert  durch 

Fremdteilchen) 


Abb.  3:  Schematische  Einteilung  der  Keimbildung 


2.2.1  Primare  Keimbildung 


2.2.1. 1  Homogene  Keimbildung 


Die  Mechanismen,  die  zur  homogenen  Keimbildung  fuhren,  sind  bis  heute  nicht  endgtiltig 
erforscht.  So  muB  neben  der  Zusammenballung  der  einzelnen  gelosten  Teilchen  auch  ihre 
Orientierang  in  einem  festen  Gitter  stattfinden.  Die  Keime  sind  zu  Anfang  als  imgeordnete 
Anhaufungen  von  Atomen,  Molekulen  oder  lonen  (Gitterbausteine)  in  der  ubersattigten  Lo¬ 
sung  vorhanden.  Diese  ordnen  sich  dann  allmahlich  innerhalb  dieser  Anhaufung  zu  kristalli- 
nen  Teilbereichen.  Die  exakte  Struktur  dieser  Anordnungen  ist  nicht  bekannt,  da  eine  direkte 
Beobachtimg  wegen  der  geringen  GroBe  kaum  mOglich  ist. 

Damit  ein  sogenannter  kritischer  Keim  gebildet  werden  kann,  ist  eine  Zahl  von  Bausteinen 
ndtig,  die  etwa  zwischen  10  und  einigen  Tausend  variiert.  Es  ist  also  praktisch  nicht  moglich, 
daB  sich  eine  Zusammenlagerung  dieser  groBen  Zahl  von  Teilchen  allein  durch  Zusammen- 


] 
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stofi  ereignen  katm.  Mullin  [6]  beschreibt  dies  durch  bimolekulare  Addition  von  gelosten 
Molekulen.  Bei  mikroskopischer  Betrachtung  einer  gesattigten  Losung  werden  ortlich  sowohl 
Bereiche  mit  relativ  hoher  Ubersattigung  als  auch  Bereiche  mit  Untersattigung  vorhanden 
sein,  weshalb  sich  erste  Keime  wieder  auflosen  konnen  und  uberaus  instabil  sind.  In  einer 
iibersattigten  Losung  dagegen  wachsen  sie  uber  diese  kritische  GroBe  hinaus  und  werden  sta- 
bil. 

Die  klassische  Theorie  der  Keimbildung  stammt  von  Gibbs,  der  die  Bildung  von  fliissigen 
Tropfen  bei  der  Dampfkondensation  thermodynamisch  beschrieben  hat.  Es  ist  analog  moglich 
diese  Theorie  auf  die  homogene  Keimbildung  aus  Losungen  anzuwenden.  Die  tJberfuhrung 
von  einem  weniger  geordneten  in  einen  starker  geordneten  Zustand  (gasformig  ->  fliissig  ->■ 
fest)  hat  eine  Abnahme  der  molekularen  Beweglichkeit  und  somit  auch  der  kinetischen  Ener- 
gie  des  Systems  zur  Folge.  Andererseits  ist  eine  bestimmte  Energie  zum  Aufbau  einer  hSher 
geordneten  Struktur  notwendig.  So  wird  bei  der  Bildung  eines  kugelfbrmigen  Keimes  in  einer 
Mutterphase  eine  Anderung  der  freien  Enthalpie  des  Systems  AG  festgestellt,  die  sich  aus  der 
freiwerdenden  Energie  bei  der  Bildung  eines  gewissen  Volumens  Gy  der  neuen  Phase  und  der 
fllr  die  Erzeugung  der  Grenzflache  benStigten  Energie  AGq  zusammensetzt  /6/. 

AG  =  AGo+AGv  (1) 

AG  =  47tr^a  -  — Trr’  ■  In  S  (2) 

3  Mps 

Der  Verlauf  der  Anderung  der  freien  Enthalpie  und  ihrer  einzelnen  Terme  ist  schematisch  in 
Abbildung  4  dargestellt.  Das  Maximum  AG^,  ergibt  sich  fur  den  kritischen  Keimradius  r^,. 
Um  ein  niedrigeres  Energieniveau  einzunehmen,  werden  Keime  kleiner  als  r^,  dazu  neigen, 
ihre  Grofie  zu  verringem  (Auflosung)  und  Keime  groBer  als  r^,  werden  versuchen  an  GroBe  zu 
gewinnen  (Wachstum).  Um  den  Wert  von  r^,  zu  ermitteln,  wird  die  erste  Ableitimg  von  Glei- 
chung  2  d(AG)/dr  =  0  gesetzt. 

=  8rrr,^a-47rr,,’P^.|nS  =  0 


d(AG) 


dr 


(3) 
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Der  kritische  Keimradius  l&Bt  sich  aus  Gleichung  3  berechnen. 


2  p  •  Mfs 

Pps  RTInS 


(4) 


Durch  Substitution  von  %  in  Gleichung  2  erhalt  man  die  kritische  Keimbildungsarbeit  AG^,. 


AGk.= 


47igrK, 

3 


(5) 


KeirngroHe  r 

Abb.  4;  Verlauf  der  freien  Energie  in  Abhangigkeit  von  der  KeimgrOBe  r  [6] 


In  der  Realitat  ist  es  schwierig,  die  Theorien  zur  homogenen  Keimbildung  experimentell  zu 
bestatigen,  da  die  Praparation  eines  tatsachlich  keimfreien  Systems  praktisch  nicht  moglich 
ist. 

2.2. 1.2  Heterogene  Keimbildung 

Die  Keimbildungsrate  kann  bereits  durch  die  Anwesenheit  geringster  Spuren  von  Verunreini- 
gungen  in  System  betrachtlich  beeinfluBt  werden.  Diese  kdnnen  jedoch  sowohl  zu  einem  in- 
hibierten  Keimbildungsverhalten  fUhren  als  auch  beschleunigend  auf  die  Keimbildimg  wirken. 
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Volmer  [7]  versucht  die  Keimbildung  ausgelost  durch  Fremdkorper  theoretisch  zu  beschrei- 
ben.  Er  geht  davon  aus,  daC  sich  zwischen  der  artfremden  Unterlage  (Heterokeim)  und  einem 
Tropfen  der  Mutterphase  ein  Benetzungswinkel  0  ausbildet.  Dieser  Winkel  kaim  Werte  von  0 
bis  1 80°  annehmen,  abhangig  von  der  Benetzung  des  Fremdpartikels  durch  die  Mutterphase 
(Abbildung  5). 


Abb.  5:  Keimbildung  auf  einem  Fremdpartikel  fUr  verschiedene  Benetzungswinkel  ©  [8] 


Der  KeimbildungsprozeB  wird  dann  hauptsachlich  durch  die  GrenzflSchenenergie  Kristall  - 
Flussigkeit  und  damit  durch  die  intermolekularen,  interionogenen  oder  interatomaren  Krafte 
zwischen  den  Teilchen  der  Mutterphase  und  der  ’’fremden”  OberflSche  bestimmt.  Volmer 
nimmt  an,  daB  der  sich  ergebende  Kontaktwinkel  ©  ein  MaB  der  Effektivitat  der  fremden 
OberflSche  in  bezug  auf  die  Keimbildung  ist,  gemaB  der  Beziehung 

^  \  (2  +  cos0)(l-cos©f 

l^Ghet  L  =  (^Ghom  )Kr  '  ^  (6) 

Fur  die  heterogene  Keimbildung  und  vollstandige  Benetzung  (0  =  0°)  ergibt  sich 

(AG,e,L=0  (7) 

Hieraus  geht  hervor,  daB  in  diesem  Fall  keine  heterogenen  Keimbildung  in  der  Losung  statt- 
findet  imd  alle  Keime  homogen  gebildet  werden.  Diese  Umstande  entsprechen  dem  Impfen 
einer  tibersattigten  Losung  mit  Keimkristallen  des  gelosten  Stoffes,  es  mussen  also  keine 
Keime  in  der  Losung  gebildet  werden. 
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Im  Fall  einer  teilweisen  AfFinitat,  d.  h.  einem  Benetzungswinkel  im  Bereich  von  0°<  0  <1 80°, 
resultiert  Gleichung  8: 


(^®het)Kr  (^®hom)Kr 

Es  zeigt  sich,  daC  heterogene  Keimbildung  leichter  ablaufen  kann,  da  die  notwendige  freie 
Energie  geringer  ist  als  die  fur  homogene  Keimbildung.  Anschaulich  lafit  sich  dies  damit  er- 
klaren,  daB  im  Fall  einer  teilweisen  Benetzung  im  Vergleich  zur  homogenen  Keimbildung 
eine  geringere  Oberflache  neu  gebildet  werden  muB. 

Im  Fall  von  Nichtbenetzung  (0  =  180°)  gilt  fiir  die  kritische  Keimbildungsenthalpie 

(AG,e,L=(AG,„J,„  (9) 

d.  h.  die  benotigte  Energie  fUr  die  heterogene  Keimbildung  ist  gleich  der  Energie  fur  die  ho¬ 
mogene  Oder  spontane  Keimbildung.  Die  Fremdstoffteilchen  in  der  Lbsung  haben  in  diesem 
Fall  keinen  katalytischen  EinfluB  [3]. 

2.2.2  Sekundare  Keimbildung 

Eine  Ubersattigte  LQsung  neigt  viel  eher  zur  Keimbildung,  wenn  bereits  Kristalle  in  ihrer  art- 
eigenen  Losung  vorhanden  sind  oder  bewuBt  zugegeben  werden.  Dieser  katalysierende  EfFekt 
bzw.  die  Keimbildung  bei  Vorhandensein  von  arteigenen  Kristallen  wird  als  sekundare  Keim¬ 
bildung  bezeichnet,  um  sie  von  der  sogenannten  primaren  Keimbildung  (anfanglich  keine  Kri¬ 
stalle  vorhanden)  zu  unterscheiden. 

Strickland-Constable  [9]  beschreibt  verschiedene  Mechanismen  der  sekundaren  Keimbildung, 
wie: 

’’initial  breeding”  (Kristallstaub  lost  sich  von  der  Oberflache  eingetauchter  Saatkristalle), 
’’needle  breeding”  (Abbrechen  von  schwach  angewachsenen  Kristallnadeln  bei  hohen  Uber- 
sattigungen), 

’’polycrystalline  breeding”  (Auseinanderbrechen  loser  polykristalliner  Konglomerate  bei  ho¬ 
hen  Ubersattigungen), 

’’collision  breeding”  (ein  komplexer  ProzeB,  der  durch  die  Wechselwirkung  und  den  Kontakt 
von  Kristallen  untereinander  und  mit  Anlagenbauteilen  des  Behalters,  Rtihrers  etc.  entsteht). 
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Heute  wird  angenommen,  daB  der  Kontakt  zwischen  Kristallen  und  Ruhrorgan  der  bedeu- 
tendste  Ausloser  fur  sekundare  Keimbildung  in  technischen  Kristallisatoren  ist.  Die  Wahr- 
scheinlichkeit  fur  einen  solchen  ZusammenstoB  ist  direkt  proportional  zur  Riihrerdrehzahl 
[10],  Warden  diese  Kontakte  verhindert,  z.  B.  in  einem  FlieBbett,  konnen  neben  den  oben  ge- 
nannten  Mechanismen  weitere  Phanomene  eine  Rolle  spielen. 

Mullin  [6]  gibt  mehrere  Grunde  fur  den  GroBeneinfluB  der  Saatkristalle  bei  der  sekundaren 
Keimbildung  an.  Beispielsweise  erzeugen  groBe  Kristalle,  wegen  ihrer  groBeren  Kontakt- 
wahrscheinlichkeit  und  ihrer  hoheren  Kollisionsenergie,  mehr  sekundare  Keime  in  geruhrten 
Systemen  als  dies  kleine  Kristalle  tun.  Sehr  kleine  Kristalle  konnen  den  Stromlinien  auch  in 
turbulenten  Wirbeln  stark  geriihrter  Losungen  folgen  und  kommen  deshalb  nur  selten  mit  dem 
Ruhrorgan  oder  anderen  Kristallen  in  Beruhrung.  Als  weiterer  Faktor  muB  bedacht  warden, 
daB  Kristalle  kleiner  als  ca.  10  mm  wahrscheinlich  viel  langsamer  wachsen  als  Makrokristalle, 
und  daB  stark  beschadigte  Kristallbruchstucke  manchmal  gar  nieht  mehr  wachsen. 

2.2.3  Induktions-  und  l.atenzzeit 

Die  sogenannte  Induktionszeit,  deren  Dauer  zwischen  Mikrosekunden,  Tagen  und  Wochen 
liegen  kann,  ist  wesentlich  von  der  Ubersattigung  abhdngig  und  stellt  den  Zeitraum  dar,  der 
zur  Bildung  eines  kritischen  Keimes  unter  den  jeweiligen  Bedingungen  notwendig  ist. 

In  manchen  Systemen,  besonders  bei  geringen  IJbersattigungen,  kann  eine  weitere  Zeitdif- 
ferenz  beobachtet  warden.  Um  sie  von  der  Induktionszeit  zu  unterscheiden,  die  oben  als  Zeit- 
punkt  der  ersten  Detektion  von  Kristallen  iiberhaupt  im  System  defmiert  wurde,  wird  in  An- 
lehnung  an  Mullin  [6]  der  Ausdruck  Latenzzeit  verwendet.  Die  Latenzzeit  soil  hier  defmiert 
warden  als  das  Auftreten  einer  bedeutsamen  Veranderung  im  System,  d.  h.  das  Einsetzen  mas- 
siver  Keimbildung  oder  der  erkennbar  betrachtliche  Abbau  der  Ubersattigung  in  der  Losung. 
Das  Vorhandensein  von  Saatkristallen  verringert  im  allgemeinen  die  Induktionszeit,  beseitigt 
sie  aber  nicht  notwendiger  Weise.  Sogar  wenn  ein  System  zum  Zeitpunkt  t=0  Saatkristalle 
enthalt,  kann  eine  meBbare  Induktionszeit  vergehen  bevor  neue  Kristalle  entstehen.  Diese  sind 
per  Definition  sekundare  Keime  und  konnen  in  verschiedenen  Schiiben  wahrend  der  Latenz¬ 
zeit  auftreten.  Oft  ist  es  praktisch  ratsamer,  die  Latenzzeit  als  die  fur  das  System  charakteri- 
stische  GroBe  zu  ermitteln.  Folgende  Faktoren  kdimen  die  Induktions-  und  Latenzzeit  sowie 
die  Gesehwindigkeit  des  libersattigungsabbaus  beeinflussen:  Temperatur,  Anregung  durch 
Riihren,  Warmeentwicklung  wahrend  der  Kristallisation,  GroBe  der  Saatkristalle,  Oberflache 
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der  Saatkristalle  und  die  Anwesenheit  von  Verunreinigungen.  Zur  Zeit  konnen  hierzu  alien- 
falls  qualitative  Aussagen  iiber  die  Abhangigkeiten  der  einzelnen  EinfluBfaktoren  auf  die  In- 
duktionszeit  getroffen  werden. 


3.  Experimentelle  Untersuchungen 
3.1  Versuchsaufbau 


Die  Kristallisationsversuche  wurden  in  einem  geruhrten  Batch-Kristallisator  durchgefilhrt.  Die 
verwendete  Versuchsapparatur  (Abbildung  6)  besteht  im  wesentliehen  aus  einer  Ultraschall- 
quelle,  einem  Turbinenruhrer,  einem  Doppelmantelgefafi  aus  Glas  (ca.  750  cm^  Inhalt)  sowie 
einem  daran  angeschlossenen  Thermostat.  Die  Zirkulation  einer  Warmetragerflussigkeit  zwi- 
schen  den  beiden  letztgenannten  Komponenten  temperiert  die  Losung,  ein  extemer  Pro- 
grammgeber  erlaubt  die  Realisierung  vorprogrammierter  Aufheiz-  bzw.  Abkuhlphasen.  Die 
tatsachliche  Temperatur  in  der  Losung  wird  mit  Hilfe  eines  PT  100  Widerstandsthermometers 
(iberwacht. 


Abb.  6:  Versuchsaufbau 

Als  Ultraschallquelle  wurde  der  "Desintegrator  HD  60"  der  Fa.  Bandelin  verwendet.  Dieses 
Gerat  ist  fur  die  Beschallung  kleiner  Flussigkeitsmengen  mit  hoher  Schallintensitat  vorge- 
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sehen.  Der  mit  einem  Wirkungsgrad  von  mehr  als  90%  arbeitende  HF-Generator  wandelt  die 
aufgenommene  Netzleistung  und  Frequenz  in  Hochfrequenzleistung  von  20  kHz  um.  Der  Ge¬ 
nerator  arbeitet  mit  konstanter  Amplitude  und  einer  maximalen  HF-Leistung  von  60  W. 

Der  an  den  Generator  angeschlossene  Ultraschallwandler  (Abbildung  7)  setzt  mit  Hilfe  von 
Piezoelementen  die  elektrische  HF-Energie  in  mechanische  Schwingungsenergie  gleicher  Fre¬ 
quenz  um.  Die  dabei  erzeugte  Amplitude  wird  uber  eine  amplitudenproportionale  Frequenz- 
nachfuhrung  imabhangig  von  der  anliegenden  Belastung  konstant  gehalten. 


Abb.  7  Eingesetzter  Ultraschallwandler  mit  Stufenhom  und  Sonotrode 


Das  an  den  Ultraschallwandler  angeschraubte  Stufenhom  ist  geometrisch  auf  die  Frequenz 
von  20  kHz  abgestimmt.  Es  besteht  aus  einer  hochfesten  Titanlegierung  und  verstarkt  die 
Amplitude  auf  das  ca.  7-fache. 

Die  Sonotrode  ubertragt  die  erzeugte  Ultraschalleistung  in  die  Ldsung.  Sie  ist  ebenfalls  aus 
einer  hochfesten  Titanlegierung  hergestellt  und  wird  am  Stufenhom  festgeschraubt.  Sie  hat 
die  Form  eines  Kegelstumpfs  und  wirkt  als  Resonanzkorper,  der  die  Ausgangsamplitude  des 
Stufenhoms  weiter  verstarkt  und  uber  eine  kleine  Endflache  (Durchmesser  6  mm)  in  das 
Medium  ubertragt.  Dadurch  entstehen  hohe  Energiedichten  an  der  Endflache,  die  zu 
Kavitation  fuhren. 

Zur  Beschallung  von  Fliissigkeiten  muB  die  Spitze  der  Sonotrode  mindestens  ca.  10  mm  tief 
eintauchen,  um  das  Ansaugen  und  Einmischen  von  Luft  zu  vermeiden. 

3.2  Versuchsdurchfiihrung 

Die  Anfangstemperatur  Sj  der  Abkuhlphase  betrug  40  bzw.  60  °C.  Es  wurden  pro  Versuch 
jeweils  300  g  Losungsmittel  und  die  der  Sattigungskonzentration  bei  Anfangstemperatur  ent- 
sprechende  Menge  an  Substanz  eingewogen.  Diese  Mischung  wird  mit  der  beschriebenen 
Versuchsapparatur  auf  ca.  3-5  °C  uber  die  Anfangstemperatur  erwarmt,  um  das  kristalline 
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Ausgangsmaterial  mit  Hilfe  des  Rtihrers  aufzulosen.  Nachdem  in  der  Flussigkeit  sichtbar 
keine  Kristalle  mehr  vorhanden  sind,  wird  die  Losimg  auf  Anfangstemperatur  gebracht.  Im 
Anschlufi  daran  wurde  die  Losung  mit  einer  vorgegebenen  linearen  Abkuhlgeschwindigkeit  b 
(5, 10  Oder  20  K/h)  auf  Endtemperatur  abgekiihlt. 

Es  wurden  identische  Versuchsreihen,  sowohl  mit  als  auch  ohne  Ultraschall,  durchgefuhrt. 
Der  Einsatz  von  Ultraschall  erfolgte  ab  der  Temperatur  Sus  ,  also  bei  einer  Unterkuhlung  a'  = 
Ss  -  Sus ,  liber  einen  Zeitraum  1®“ ,  mit  dem  Ziel  eine  spontane  Keimbildung  auszulosen.  Der 
vom  Ultraschall  verursachte  Energieeintrag,  erhoht  die  Temperatur  der  L6sung  je  nach  Ab¬ 
kuhlgeschwindigkeit  und  Dauer  der  Beschallung  kurzfristig  um  bis  zu  1,5  °C.  Die  Keim- 
bildungstemperatur  OReim  wurde  bestimmt,  sobald  die  ersten  sichtbaren  Keime  auflraten.  Nach 
dem  Einsetzen  massiver  Keimbildimg,  also  nach  Ablauf  der  Latenzzeit,  wurde  die  Ultra- 
schallquelle  wieder  abgeschaltet.  Weiterhin  wurde  die  Induktionszeit  zwischen  dem  Ein- 
schalten  des  Ultraschalls  und  dem  Auftauchen  erster  Keime  tyl'"'  gemessen. 

Die  entstandenen  Kristalle  werden  mit  einem  Papierfilter  in  einer  Porzellannutsche  von  der 
Restlosung  getrennt.  Danach  wird  der  Kristallfilterkuchen  mit  einer  FlOssigkeit  nachgesptilt, 
die  mit  dem  LSsungsmittel  mischbar  ist,  nicht  aber  das  BCristallisat  anldst.  So  wurde  bei- 
spielsweise  bei  der  Kristallisation  von  Kalialaun  mit  Aceton  gespUlt.  Dieser  Vorgang  entfemt 
die  noch  an  der  Kristalloberfiache  haftende  MutterlOsung  und  vermeidet  so  das  Agglome- 
rieren  der  Kristalle  durch  Rekristallisation.  Dariiber  hinaus  wird  in  imserem  Beispiel  die 
Trocknung  drastisch  verkiirzt. 

3.3  Ergebnisse 

Die  in  diesem  Beitrag  dargestellten  Untersuchungen  wurden  an  den  folgenden  Stoffsystemen 
durchgefuhrt; 

•  Kaliumaluminiumsulfat  (Kalialaun)  /  Wasser 

•  3-Nitro- 1 ,2,4-Triazol-5-On  (NTO)  /  Wasser 

•  3-Nitro- 1 ,2,4-Triazol-5-On  (NTO)  /  Methanol 

•  3-Nitro- 1 ,2,4-Triazol-5-On  (NTO)  /  2-Propanol 

•  3-Nitro-l  ,2,4-Triazol-5-On  (NTO)  /  Dimethylformamid  (DMF) 

Die  Loslichkeitskurven  der  funf  Systeme  sind  in  Abbildung  8  wiedergegeben.  In  diesem 
Diagramm  sind  die  unterschiedlichen  MaBstabe  der  beiden  Ordinaten  zu  beachten. 

Man  erkennt,  daC  Kalialaun/Wasser  und  NTO/DMF  Systeme  mit  hohen  Loslichkeiten  dar- 
stellen,  wahrend  NTO  in  Wasser,  Methanol  und  2-Propanol  nur  gering  loslich  sind. 
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Abb.  8:  LSslichkeitskurven  der  untersuchten  Stoffsysteme 


3.3.1  Kalialaun  /  Wasser 

In  alien  untersuchten  Fallen  des  Systems  Kalialaun/Wasser  konnte  durch  Ultraschall  die 
Keimbildungstemperatur  deutlich  reduziert  werden,  d.h.  die  Breite  des  metastabilen  Bereichs 
und  Induktionszeit  werden  verringert. 

Abbildung  9  zeigt  den  EinfluB  von  Ultraschall  auf  die  Keimbildungstemperatur  SKeim  bei  Ver- 
suchen,  die  mit  verschiedenen  Abkiihlgeschwindigkeiten  und  einer  anfanglichen  Sattigungs- 
temperatur  9$  =  40  °C  durchgefuhrt  wurden.  Dabei  ist  zu  erkennen,  daB  bei  den  Experimen- 
ten  mit  Ultraschall  die  Keimbildungstemperatur  unabhangig  von  der  Abkuhlgeschwindigkeit 
konstant  bleibt.  Die  Temperatur  zum  Zeitpunkt  der  Keimbildung  ist  imwesentlich  hoher  als 
die  bei  Einschalten  des  Ultraschallfeldes  9us-  Dies  ist  auf  die  schwierige  Temperaturkontrolle 
der  Losimg  bei  Ultraschalleinsatz  zuruckzufuhren.  Bei  den  Versuchen  ohne  Ultraschall  ver¬ 
ringert  sich,  wie  zu  erwarten,  die  Keimbildungstemperatur  mit  zunehmender  Abkuhl¬ 
geschwindigkeit,  d.h.  man  kommt  weiter  in  den  metastabilen  Zustandsbereich  hinein. 

Fur  die  Versuche  mit  einer  Anfangstemperatur  von  9s  =  60  °C  sind  die  MeBergebnisse  in 
Abbildung  10  dargestellt.  Hier  zeigt  sich  bei  alien  Versuchen  ein  abnehmender  Verlauf  der 
Keimbildungstemperatur  mit  ansteigender  Abkuhlgeschwindigkeit.  Jedoch  setzt  die  Keim¬ 
bildung  bei  der  Anwendung  von  Ultraschall  zwischen  1,5  und  2,3  °C  "friiher",  d.h.  bei  gerin- 
geren  Unterkiihlungen,  ein  als  im  Verglelchsversuch. 
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Allen  Versuchen  mit  60  °C  Starttemperatur  war  eine  Zeitdifferenz  von  etwa  10  Minuten  ge- 
mein,  zwischen  der  ersten  optischen  Detektion  vereinzelter  Keime  und  dem  plotzlichen  Ein- 
setzen  massiver  Keimbildung. 


AbkQhigesehwindigkftit  b  In  K/h 

Abb.  9:  Keimbildungstemperatur  mit  und  ohne  Ultraschall  in  AbhSngigkeit  von  der  Abktlhlgeschwindigkeit  bei 
einer  Anfangstemperatur  Sj  =  40  "C 


AbkGhlgeschwindigkeit  b  in  K/h 

Abb.  10:  Keimbildungstemperatur  mit  und  ohne  Ultraschall  in  AbhSngigkeit  von  der  Abkilhlgeschwindigkeit  bei 
einer  Anfangstemperatur  Sj  =  60  °C 


In  Abbildung  11  sind  die  Medianwerte  Xjoj  der  kristallisierten  Kalialaun-Partikelkollektive 
bei  einer  Anfangstemperatur  Sj  =  40  °C  in  AbhSngigkeit  von  der  Abkuhlgeschwindigkeit  auf- 
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getragen.  Man  erkennt  eine  lineare  Abnahme  der  mittleren  Partikelgrofie  mit  dem  Ansteigen 
der  Abkiihlgeschwindigkeit  bei  den  Werten  ohne  Ultraschall.  Dagegen  bleibt  der  Medianwert 
bei  der  Keimbildung  mit  Hilfe  von  Ultraschall  auf  gleichem  Niveau  unabhangig  davon,  wie 
schnell  die  Losung  heruntergekuhlt  wurde.  Dies  hangt  offensichtlich  mit  der  vom  Ultraschall 
vorzeitig  eingeleiteten  Keimbildung  zusammen,  wie  die  Ahnlichkeit  mit  Abbildung  9  belegt. 
Die  mittlere  PartikelgrdCe  des  Kollektivs  ist  also  abhangig  von  der  Keimbildungstemperatur 
und  somit  von  der  Ubersattigung  des  Systems  bei  Beginn  der  Keimbildung  SKeim- 
Die  Medianwerte  der  Experimente  bei  60  °C  Anfangstemperatur  zeigt  Abbildung  12.  Hier  ist 
keine  Ubereinstimmung  mit  der  Keimbildungstemperatur  erkeimbar.  Es  muB  daher  betont 
werden,  daB  die  mittlere  PartikelgroBe  nicht  nur  von  der  Keimbildungsrate  abhangig  ist,  son- 
dem  auch  von  der  Kristallwachstumsgeschwindigkeit.  Die  Wachstumskinetik  hangt  wiederum 
vor  allem  von  Temperatur  und  Grad  der  Ubersattigung  ab. 

Zusatzlich  zum  EinfluB  auf  den  Medianwert  des  entstandenen  Partikelkollektivs  wirkte  sich 
der  Einsatz  von  Ultraschall  bei  der  Keimbildung  auch  auf  die  PartikelgroBenverteilung  aus. 
Hierbei  zeigte  sich,  daB  der  Dispersitatsgrad  (MaB  fur  die  Breite  der  Verteilung)  bei  der 
Keimbildung  durch  Ultraschall  stets  kleiner  war  als  bei  den  Vergleichsversuchen.  Zudem  hing 
der  Dispersitatsgrad  fiir  diese  Versuche  nicht  signifikant  von  der  Abkuhlgeschwindigkeit  ab, 
wahrend  er  ohne  den  Einsatz  von  Ultraschall  mit  steigender  Abkiihlgeschwindigkeit  ebenfalls 
anstieg. 


AbkQhlgeschwindIgkelt  b  in  Mi 

Abb.  1 1 :  Medianwerte  Xjo ,  der  entstandenen  Partikelkollektive  mit  und  ohne  Ultraschall  in  AbhSngigkeit  von 
der  Abkiihlgeschwindigkeit  b  bei  einer  anftnglichen  SSttigungstemperatur  9s  =  40  °C 
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AbkOh^schwindlgkeft  b  inK/h 

Abb.  12:  Medianwerte  Xjo  j  der  entstandenen  Partikelkollektive  mil  und  ohne  Ultraschall  in  AbhSngigkeit  von  der 
AbkUhlgeschwindigkeit  b  bei  einer  anf^glichen  Sattigungstemperatur  Sj  “  60  °C 

3.3.2  NTO  /  Losungsmittel 

Bei  den  Untersuchungen  mit  NTO  zeigte  sich,  daU  es  nur  mit  dem  Ldsungsmittel  Wasser 
mSglich  war,  die  Keimbildung  durch  den  Einsatz  von  Ultraschall  auszuldsen.  Alle  anderen 
untersuchten  Systeme  (Methanol,  2-Propanol  und  Dimethylformamid)  wiesen  eine  extrem 
lange  Induktionszeit  auf  (bis  zu  mehreren  Tagen).  Diese  konnte  auch  durch  Einkopplung  des 
Ultraschallfeldes  uber  eine  langere  Zeitspanne  nicht  reduziert  werden.  Dies  deutet  auf  eine 
Starke  Inhibierung  hin,  wobei  kein  Unterschied  zwischen  den  Systemen  mit  hoher  imd  nied- 
riger  Loslichkeit  zu  bestehen  scheint.  Auch  die  starke  Kavitationsbildung  beim  System 
NTO/Methanol  fuhrte  zu  keiner  Nukleation.  Zu  beachten  ist  allerdings,  daU  der  Ultraschall- 
generator  auf  den  Einsatz  im  waBrigen  Medium  optimiert  ist  und  keine  genaue  Anpassimg  auf 
andere  Losungsmittel  erfolgte.  Dies  ist  allerdings  keine  grundsatzliche  Erklarung  fur  das  be- 
schriebene  Verhalten,  da  damit  lediglich  eine  Feinabstimmung  erreicht  werden  karm. 

Fiir  die  Untersuchungen  am  System  NTOAVasser  wurden  14,5  g  NTO  in  500  g  Wasser  bei  40 
°C  gelost.  AnschlieBend  wurde  diese  Losung  mit  einer  konstanten  AbkUhlgeschwindigkeit 
von  20  K/h  auf  20  °C  abgekiihlt.  Beim  Versuch  ohne  Ultraschall  setzte  die  Keimbildung  bei 
einer  Temperatur  von  30  °C  ein,  wobei  zunachst  nur  wenige  Keime  entstanden.  Erst  bei  einer 
Temperatur  von  28  °C  bildete  sich  der  eigentliche  Keimschauer,  Die  mittlere  PartikelgrOBe 
Xjo  j  betrug  fur  diesen  Versuch  345  pm. 
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Bei  dem  mit  Ultraschall  durchgefuhrten  Versuch  wurde  die  Ultraschallquelle  bei  einer  Tem- 
peratur  von  35  °C,  d.h.  einer  Unterkiihlung  von  5  K,  eingeschaltet.  Hier  trat  die  Keimbildung 
bereits  bei  einer  Temperatur  von  33,5  °C  ein,  wobei  auch  hier  zunachst  nur  wenig  Keime  ent- 
standen.  Der  eigentliche  Keimschauer  bildete  sich  nach  einer  weiteren  Abkiihlung  urn  2  K. 
Die  gebildeten  Partikel  waren  deutlich  feiner  (Xjq  j  =  254  pm)  und  zeichneten  sich  durch  eine 
wesentlich  engere  PartikelgroCenverteilung  aus. 

Auch  die  Morphologic  der  Kristalle  konnte  durch  den  Einsatz  des  Ultraschalls  verandert 
werden.  In  Abbildung  13  und  14  ist  zu  erkennen,  daC  die  Kristalle,  bei  denen  die  Nukleation 
unter  Ultraschalleinwirkung  ausgelost  wurde,  eine  gleichmaBigere  Form  aufwiesen  als  die 
Kristalle,  die  dem  Ultraschallfeld  nicht  ausgesetzt  waren.  Zusatzlich  bestatigen  die  Mikrosko- 
pie-Aufhahmen  die  Aussagen  aus  der  PartikelgroBenanalyse. 


Abb.  13:  NTO-Kristalle  ohne  Ultraschall  Abb.  14;  NTO-Kristalle  mit  Ultraschall 


4.  Zusammenfassung  und  Ausblick 

Ziel  der  vorliegenden  Arbeit  war  eine  systematische,  experimentelle  Untersuchung  zum  Ein- 
fluB  von  Ultraschallanwendung  auf  die  Keimbildung  bei  der  Kiihlungskristallisation  aus  Lo- 
sungen. 

Es  wurden  verschiedene  Stoffsysteme  bei  verschiedenen  Temperaturen  unter  Veranderung  der 
Abkuhlgeschwindigkeit  untersucht.  Dabei  wurde  die  Keimbildungstemperatur  bestimmt  und 
die  Induktionszeit  zwischen  dem  Einschalten  des  Ultraschallfeldes  und  dem  Auftreten  erster 
Keime  ermittelt.  Da  die  PartikelgroCenverteilung  primar  durch  die  Keimbildung  und  das  Kri- 
stallwachstum  beeinfluBt  wird,  ist  fur  das  entstandene  Kristallisat  eine  PartikelgroBenanalyse 
mit  Hilfe  der  Laserbeugungsspektrometrie  durchgefuhrt  worden. 
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Bei  den  Untersuchungen  des  Systems  Kaliumaluminiumsulfat-Wasser  zeigte  sich,  daC  durch 
Ultraschall  die  Keimbildungstemperatur,  im  Vergleich  zum  unbeschallten  Versuch,  deutlich 
heraufgesetzt  wird,  d.h.  die  Induktionszeit  verkiirzt  wird.  Dies  wirkt  sich  bei  einer  anfang- 
lichen  Sattigungstemperatur  der  Losungen  von  40  °C  direkt  auf  die  mittlere  PartikelgroBe  der 
kristallisierten  Kollektive  aus.  Die  Breite  der  PartikelgroBenverteilung  kann  durch  den  Einsatz 
von  Ultraschall  reduziert  werden. 

Die  Untersuchungen  mit  NTO  ergaben  indifferente  Ergebnisse.  Lediglich  in  Wasser  konnte 
ein  EinfluB  des  Ultraschalls  gefunden  werden.  Der  Einsatz  von  Ultraschall  reduziert  die  Par¬ 
tikelgroBe  und  -groBenverteilung  drastisch  und  hat  einen  EinfluB  auf  die  Partikelmorphologie. 
In  weiteren  Untersuchungen  soli  am  System  NTO/Wasser  der  EinfluB  von  Ultraschall  auf  die 
Keimbildung  durch  Variation  der  Abkuhlgeschwindigkeit  ermittelt  werden.  Zudem  muB  ge- 
klart  werden,  ob  ein  solcher  EinfluB  auch  bei  organischen  Losungsmitteln  zu  fmden  ist. 
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FAILURE  MECHANISM  IN  PBX 
Tamar  Kaullv.  Tamar  Kimmel 
RAFAEL,  Israel 


Abstract 

Compaction  molded  PBX  are  commonly  used  for  warheads.  Yet,  their  poor 
mechanical  properties  are  of  major  concern  for  the  users.  A  thorough  understanding 
of  the  failure  mechanisms  in  PBX  is  essential  for  development  of  PBX  with  improved 
mechanical  properties. 

PBX  is  a  highly  filled  particulate  composite  material  with  a  filler  content  of 
approximately  90vol%.  In  contrast,  ordinary  polymeric  matrix  composite  materials  , 
including  propellants,  consist  of  only  -20  -  70  vol%  of  filler.  Therefore,  some  of  the 
mechanisms  in  PBX  are  similar  to  those  in  particulate  composite  materials  while 
others  are  unique  and  stem  from  the  fact  that  high  filler  concentration  cause 
interactions  between  particles. 

The  paper  discusses  the  effects  of  different  parameters  like  particle  size  distribution, 
particle  shape,  and  surface  energies  of  the  filler  and  the  elastomer  matrix  on 
mechanical  behavior  of  PBX.  Mechanical  properties  under  tensile  stress  and  SEM 
fractographs,  as  well  as  surface  energies  measurements  were  used  as  experimental 
tools. 

The  results  indicate  that  there  are  some  combined  mechanisms  that  affect  failure: 

1.  There  is  an  interaction  between  particles,  which  results  in  mechanical 
interlocking.  The  degree  of  mechanical  interlocking  depends  on  particle  size 
distribution  and  particle  shape. 

2.  During  compression,  some  of  the  particles  are  cracked  and  fractured,  so  that  the 
material  contains  inherent  defects. 

3.  Changes  in  the  degree  of  adhesion  can  change  the  role  of  dewetting  as  a  failure 
mechanism. 
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1.  Introduction 

A  first  step  in  the  way  of  improving  mechanical  properties  of  any  material 
(including  composite  materials),  should  be  understanding  the  failure 
mechanism.  Reviewing  the  literature  concerning  mechanical  behavior  of 
particulate  composite  materials,  reveals  that  there  is  a  variety  of  parameters 
influencing  this  behavior;  Particle  size,  particle  shape  and  size  distribution, 
degree  of  adhesion  and  structural  defects  like  microcracks,  voids  and 
aggregation  (1-4).  There  are  few  works  that  deal  with  mechanical  behavior  of 
PBX’  focusing  mainly  on  the  effect  of  adhesion  between  the  binder  and  the 
filler(5).  Other  aspects  of  mechanical  behavior  are  dealt  with  in  works 
concerning  propellants(6),  which  are  the  closest  composite  materials  to  PBX’es. 
The  current  work  will  demonstrate  that  there  is  a  complex  of  mechanisms  that 
govern  mechanical  behavior  of  PBX.  Inhomogenieties  and  degree  of  adhesion 
are  the  main  factors  that  govern  failure  mechanisms  and  mechanical  properties 
of  PBX. 

2.  Experimental 

The  materials  that  were  tested  are: 

a.  PBXbasedonHMX  +  VitonA. 

b.  PBX  based  on  HMX  +  Kraton  +  Oil. 

The  PBX  was  manufactured  in  laboratory  scale  batches  by  the  water  slurry 
method.  PBX  based  on  HMX-Viton  was  manufactured  with  different 
granulations  (fig  1  -  4). 

2.1  Tensile  properties  and  fracture  mechanism. 

Tensile  samples  in  the  shape  of  cylindrical  “dog  bones”  were  machined  from 
pressed  bulk  material.  Three  samples  were  tested  of  each  batch  .  The  tension 
tests  were  conducted  under  room  temperature  with  bridge  velocity  of 
0.05cm/min. 

Surfaces  of  the  fractured  tensile  samples  were  analyzed  with  an  SEM,  as  means 
of  understanding  crack  growth  and  fracture  mechanisms. 
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2.2  Degree  of  adhesion 

The  degree  of  adhesion  between  the  explosive  particles  and  the  binder  was 
estimated  by  interpreting  the  relevant  surface  energies.  The  surface  energy  of 
HMX  was  taken  from  literature,  while  surface  energies  of  the  binder  materials 
were  calculated  according  to  wetting  angles  measurements  and  “Owens  - 
Kaelble”(7)  model  (equation  1).  Finally,  the  interface  energy  and  degree  of 
adhesion  were  estimated  employing  equations  2,3. 

(1)  1+  cos©  =  2Vys^(Vyi^/Yi+  2^yi(-^y¥)/yi 
Ys= 

(2)  Y32 = Yi  +  Y2  -  2(YiV  )“  -  2(YiV2‘^^ 

(3)  Wa=Yi+  Y2-  Y12 
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3.  Results  and  discussion 
3.1  Tensile  properties 

Tensile  properties  of  HMX-Viton  A  with  different  granulations  and  of  HMX- 
Kraton/Oil  are  listed  in  table  1. 

Table  1  -  Tensile  properties 


PBX 

Batch 

No. 

HMX  granulation  (%) 

Density 

(gr/cm’) 

e(%) 

HMX-Viton 

GR-5 

50  HMX-1+50  HMX-2 

1.847 

10.8 

0.13-0.21 

HMX-Viton 

GR-6 

66  HMX-1+33  HMX-2 

1.848 

9.4 

0.32  -  0.37 

HMX-Viton 

HV/5 

100  HMX-2* 

1.796 

2.3 

0.12-0.17 

HMX-Viton 

GR-2 

100  HMX-4* 

1.842 

16 

0.30  -  0.35 

HMX-Kr-Oil 

HB 

66  HMX-1+33  HMX-i 

1.763 

1.15-1,30 

*  Size  distribution  analysis  is  given  in  fig.  5. 


Fig.  5  -  Particle  size  distribution  of  HMX-2  and  HMX-4 
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3.2  SEM  analysis 

SEM  micrographs  of  the  different  PBX’es  fracture  surfaces  were 
straightforward  means  for  analysing  of  fracture  mechanisms.  Generally,  similar 
phenomena  are  involved  in  fracture  surfaces  of  PBX’es  with  different  binder  or 
diferent  granulations  (fig  6-8): 
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a.  A  dewetting  of  particles  from  the  binder  is  spread  over  a  considerable  area 
of  the  fracture  surface.  It  seems  to  be  a  crucial  phenomenon  especially  in 
the  PBX  HMX-Kr-Oil. 

b.  Many  particles  are  fractured,  probably  due  to  stress  concentration  that  is 
developed  during  compaction.  According  to  the  direction  of  the  cracks, 
they  could  not  be  formed  as  a  result  of  the  tension  stresses. 

c.  Some  particles  touch  each  other  due  to  a  lack  of  any  binder  envelope.  This 
can  be  associated  to  a  more  general  phenomena  in  particulate  composite 
materials  -  aggregation.  Aggregation  is  a  type  of  deffect  in  the  material,  but 
it  also  contributes  to  the  strength  of  the  material  via  mechanical 
interlocking. 

It  is  much  easier  to  see  the  different  phenomenas  in  the  fractured  surface  of  PBX 
with  the  rounded  particles.  Therefore,  our  discussion  from  now  on  will  relate  to 
frctographs  of  this  PBX  (GR-2). 

The  relatively  large  dewetted  area  (fig.  9)  implies  that  dewetting  is  a  main 
failure  mechanism.  The  vast  dewetting  prevents  the  particles  from  taking  part 
of  the  load  exerted  on  the  material.  The  fractured  particles  behave  like  a  small 
aglomerate,  since  there  is  no  binder  material  between  the  daghter  particles  (fig. 
10).  Mother  particles  with  no  binder  between  them  can  be  related  to  in  a 
similar  manner.  The  meaning  of  all  the  above  mentioned  phenomenas  is  that 
there  is  no  load  delivery  between  binder  and  particles  and  mechanical 
interlocking  of  particles  can  be  the  only  mechanism  of  load  delivery.  This 
explains  the  low  strength  of  HMX-Viton  PBX,  (about  10kg/cm2)  which 
resembles  the  strength  of  polymeric  sponges. 

By  looking  at  a  fractured  specimen  still  under  tension  and  from  fig.  10,  it  is 
clear  that  the  elastomeric  binder  continues  stretching  even  after  the  sample  is 
severly  damaged.  This  means  that  the  mobility  of  the  polymeric  chains  was  not 
injured  considerably,  although  this  is  a  known  phenomena  in  particulate 
composite  materials  with  high  solid  loading,  in  which  the  binder  layers 
surrounding  the  particles  are  very  thin  (8).  This  finding  implies  that 
deterioration  of  chain  mobility  is  not  the  cause  to  the  poor  deformability  of  the 
PBX.  The  poor  deformability  stems  from  the  fact  that  the  low  content  of 
elastomer  in  the  material  cannot  be  dispersed  homogeniously  throughout  the 
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particles  and  cracks  develop  by  moving  through  adjacent  particles  that  are  not 
coated  (aggregates  or  fractured  hig  particles).  Generally  there  is  no  structure 
continuity  in  pressed  PBX’es,  which  is  responsible  for  the  poor  mecanical 
properties  of  the  material.  There  are  many  samples  in  literature  for  effects  of 
different  kinds  of  inhomogenities  in  particulate  composite  materials  - 
microcracks,  microvoids  and  aggregation.  These  can  make  a  composite  material 
with  very  poor  mechanical  properties  that  are  much  inferior  to  the  properties 
expected  according  to  properties  of  the  ingredients. 

The  qualitative  analysis  of  the  fractographs  can  help  partially  to  explain 
differences  in  mechanucal  properties  of  PBX  with  different  granulations. 


Fig.  9  -  Rounded  granulation  -  dewetted  areas  Fig.  10  -  Rounded  granulation  -  fractured  particli 
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3.3  Surface  energies 

The  tensile  properties  depicted  in  table  1 ,  show  that  HB  has  a  much  bigger 
strain  to  failure  than  GR-6.  The  granulation  of  both  PBX’s  is  similar, 
whereas  the  binder  is  different.  Both  Viton  A  and  Kraton-Oil  elastomers  have 
an  enormous  strain  to  failure  in  comparison  to  that  of  the  PBX’s.  Therefore  we 
assumed  that  the  reason  for  the  better  deformability  of  HB  does  not  stem  from 
the  elastomer  properties,  but  from  interfacial  energies.  Table  2  depicts  the 
surfrce  energies  of  both  elastomers  and  of  HMX  crystals. 


Table  2  -  Surface  energies 


Substance 

y‘'(dyne/cm) 

y'’(dyne/cm) 

y(dyne/cm) 

HMX* 

34.8 

6.8 

41.6 

Viton  A 

25.9 

0.2 

26.1 

Kr-Oil 

0.2 

57.3 

57.5 

Calculating  the  interfacial  energy  for  HMX-Viton  A  and  HMX-Kr-Oil,  gave 
the  following  values  for  work  of  adhesion  between  HMX  and  both  kinds  of 
binders: 

Wa  (HMX-Viton  A)  =  55.9  dyne/cm 
Wa  (HMX-Kr-Oil)  =  44.7  dyne/cm 

This  calculation  reveals  that  wicker  adhesion  can  inwove  deformability 
considerably.  This  maybe  contradictory  to  the  intuition  that  better  adhesion 
means  better  mechanical  properties,  but  it  is  known  also  for  inert  particulate 
conqx)site  materials,  that  adhesion  should  be  optimised  (8).  This  means  that 
very  strong  adhesion  causes  brittleness,  while  very  wick  adhesion  can  cause 
very  low  strength  that  will  impart  an  early  failure.  Also,  we  know  from  the 
literature,  that  the  dominance  of  granulation  depends  on  adhesion.  The 
stronger  the  adhesion,  the  lower  the  effect  of  granulation  on  mechanical 
properties. 
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4.  Summary  and  conclusions 


The  current  work  reveals  the  conqjlex  mechanical  behavior  of  PBX’s  as  highly  filled 
particulate  composite  materials.  Crack  propagation  which  leads  to  failure  is 
influenced  by  amount  of  fl'actured  particles  in  the  material  during  compaction, 
(which  by  itself  depends  on  particle  size  distribution  and  particle  shape) ;  the 
dispersion  of  the  binder  material  among  the  particles,  and  the  strength  of  adhesion 
that  dictates  the  degree  of  dewetting. 

From  the  sanities  given  in  this  work  we  can  conclude  that  adhesion  is  a  very 
dominant  factor  and  can  change  considerably  the  strain  to  failure.  Granulation 
parameters  seem  to  have  a  smaller  effect  on  deformability,  but  it  affects 
considerably  the  strength  to  failure,  probably  via  mechanical  interlocking. 

A  lot  ofwork  is  still  to  be  done  in  the  field  ofmechanical  behavior  of  PBX’s.  The 
difficulties  arise  fi-om  the  facts  that  it  hard  to  find  suitable  surfactants  from  the 
adhesion  point  of  view ;  and  it  is  hard  to  get  powders  with  similar  particle  shape, 
but  different  particle  size  distribution,  or  vice  versa. 


19  -  11 


5.  Refferences 


1 .  “Internal  Fractures  in  Model  Particle  Filled  Con^osites”  Bui  Loc  Vinh  Pli.D., 

The  University  of  Akron,  1993. 

2.  Bela  Pukansdcy  and  Gyorgy  Voros,  Int  Conf.  on  Interfacial  Corrqjosite  Materials 

(IPCM)  1995. 

3.  D.  Mahoney  et  al.,  J.  of  Polymer  Science:  Part  B:  Polymer  Physics,  Vol.  31, 
p.  1029  -  1039  (1993). 

4.  D.a.Taylor  et  al..  Polymat  94’,  London  U.K.  19  -  27  Sept.  1994,  p.  628  -  638. 

5.  J.M.Bellerby  and  Ch.  Kiriratinkom,  Propellants,  Explosives,  Pyrotechnics,  14, 

p.  82-85  (1989). 

6.  R.A.Schapery,  DTIC-AD-A225790  Aug.  1990. 

7.  D.K-Owens  et  al.,  J.  of  Applied  Polymer  Science,  Vol.  13,  p.l741  -  1747, 

(1969). 

8.  S.H.Saidpour  et  al.,  Int.  Conf.  on  Interfacial  phenomena  in  composite  materials 

(IPCM)  1995,  p.  141. 


20-1 
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Thiokol  Propulsion 
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Menlo  Park,  CA  94025 
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Indian  Head,  MD  20640 

Ammonium  dinitramide  is  a  novel,  non-chlorine  containing  oxidizer  which  offers  the  potential  of 
significant  increases  in  performance  in  both  solid  propellants  and  some  t5T5es  of  explosives. 
Dramatic  progress  has  been  made  in  the  very  few  years  since  the  discovery  of  ADN  in  the  U.S. 
in  the  areas  of  synthesis  and  formulation  of  ADN.  Even  with  these  efforts,  a  chasm  still  exists 
between  the  current  state  of  ADN  lab  scale  production  and  formulation  and  the  ultimate  goal  of 
ADN  in  a  production  system.  Reports  from  the  Former  Soviet  Union  suggest  that  ADN  and 
ADN  formulation  problems  resulted  in  a  series  of  major  incidents  during  production.  This 
program  is  bringing  ADN  manufacturing  and  formulation  technology  up  to  U.S.  standards  for 
safety  and  quality.  Reported  in  this  paper  is  progress  on  ADN  made  during  the  first  two  years  of 
the  Manufacturing  Technology  program. 

Summary 

The  physical  and  chemical  properties  of  ADN  have  a  significant  impact  on  its  viability  of  a  solid 
propellant  ingredient.  These  properties  are  presented  in  Table  1 .  The  properties  of  most  concern 
are  hygroscopicity,  thermal  instability,  and  safety  characteristics.  Various  methodologies  have 
been  studied  in  order  to  overcome  these  limitations.  At  Thiokol  the  combination  of  additives  and 
a  prilling  process  has  significantly  improved  these  properties  (see  next  section). 

Table  1.  Selected  Chemical  and  Physical  Properties  of  ADN 


property 

value 

melting  point 

92-94°C 

sensitive  to  light? 

yes 

hygroscopic? 

yes 

water  solubility 

very  high 

impact  sensitivity 

moderate 

friction  sensitivity 

low 

thermal  decomposition  (onset) 

leO'C  (20°C/min) 

particle  dimensions 

long  needles 

incompatibilities 

isocyanates 

Prilled  ADN 


To  improve  the  hygroscopicity,  thermal  stability,  and  safety  properties  of  ADN  a  prilling  process 


Copyright  1998  Cordant  Technologies.  All  rights  reserved. 
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was  developed  at  Thiokol  xmder  funding  from  the  Navy’s  ADN  MANTECH  Program.  The 
proprietary  proeess  involves  the  addition  of  additives,  before  the  prilling  process,  to  overcome 
the  shortcomings  listed  above.  Improvements  in  these  properties  have  been  realized  and  these 
modified  properties  are  presented  in  Table  2.  Further  work  is  ongoing  to  seek  additional 
improvements. 


Table  2.  Selected  Properties  of  Thiokol  Prilled  ADN 


property 

value 

melting  point 

92-94°C 

sensitive  to  light? 

yes 

hygroscopic? 

no 

water  solubility 

very  high 

impact  sensitivity 

low  to  moderate 

friction  sensitivity 

low 

thermal  decomposition  (onset) 

180“C  (20°C/min) 

particle  dimensions 

spheres 

incompatibilities 

isocyanates 

The  prilled  ADN  has  exhibited  improved  properties  in  composite  propellants.  Most  significant  is 
that  both  the  bum  rate  exponent  and  temperature  sensitivity  in  a  polyether  binder  system  is 
unchanged  from  the  analogous  ammonium  perchlorate  system.  This  opens  the  door  for  a  wide 
range  of  uses  for  the  ADN-based  propellants.  The  major  obstacle  remaining  to  ADN  employment 
for  booster  applications  is  the  current  propellant  hazards  properties  of  ADN-containing 
propellants.  The  following  vu-graphs  exMbit  the  properties  as  described. 


Ammonium  Dinitramide 
Manufacturing  Technoiogy 

Robert  Wardle,  Thomas  Highsmith,  Corey  McLeod,  Alan  Allred 
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Rheological  characterisation  of  castable  and  extrudable 
energetic  compositions 

A.C.  Hordijk,  R.H.B.  Bouma  and  E.  Schonewille 

TNO  Prins  Maurits  Laboratory,  Pyrotechnics  and  Energetic  Materials 
P.O.  Box  45,  2280  AA  Rijswijk,  The  Netherlands 

1.  Abstract 

Castable  compositions  are  made  for  over  fifteen  years  now  at  TNO  and  there  is  a  four 
year  experience  with  extrudable  compositions,  including  gun  propellants  and  Plastic 
Bonded  explosives.  During  these  years  rheological  measurements  have  been  carried 
out  not  only  to  characterise  batches  but  also  to  be  able  to  match  the  castable  and 
extrudable  compositions  to  the  desired  processing  properties. 

Castable  compositions  are  generally  characterised  by  their  viscosity.  Their  flow 
behaviour  is  mostly  pseudoplastic  and  the  shear  rate  dependence  of  viscosity  may  be 
described  by  a  power  law  in  which  the  exponent  is  larger  than  0.6. 

The  behaviour  of  castable  compositions  is  never  purely  viscous.  The  visco-elastic 
shear  modulus  is  determined  with  a  dynamic  mechanical  technique.  Well  castable 
compositions  are  characterised  by  a  relatively  low  shear  loss  modulus  (G”  <  100  Pa, 
at  0. 1  Hz)  and  an  even  smaller  shear  storage  modulus  (G’). 

It  is  observed  that  both  loss  and  storage  modulus  rapidly  increase  with  increasing 
solid  load.  The  storage  modulus,  however,  increases  faster  than  the  loss  modulus.  At  a 
certain  solid  load  both  moduli  are  equal  (G”  »  G’  «  lO"*  Pa)  and  then  upon  a  further 
increase  of  the  solid  load,  the  storage  modulus  becomes  even  larger,  indicating  that 
the  composition  more  and  more  resembles  an  elastic  material.  At  too  high  solid  loads 
extrusion  becomes  an  alternative  to  casting  because  of  the  rheological  behaviour. 
Extrudable  compositions  show  typical  shear  storage  moduli  G’  in  the  range  of  10^  to 
lO'^  Pa. 

Apart  from  the  solid  load,  also  the  addition  of  low  molecular  weight  chain-extenders 
like  hexane  diols  has  a  significant  effect  on  the  visco-elastic  properties  and  thus  the 
applicability  of  either  casting  or  extrusion  techniques. 
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2.  Introduction 

This  paper  deals  with  two  processing  techniques,  casting  and  extrusion,  and  the 
product  and  preproduct  characterisation.  The  compositions  discussed  in  this  paper, 
contain  an  energetic  filler  and  a  curable  binder  to  which  plasticiser,  bonding  agent 
and  surface  active  agents  are  added.  The  mean  particle  size(s)  and  size  distribution, 
the  particle  shape  as  expressed  by  the  specific  surface  area  and  the  porosity, 
determine  the  maximum  volume  fraction  to  be  obtained. 

Three  major  influences  on  rheological  behavior  are  discussed: 

-  chemically  and  physicochemically  induced  effects,  e.g.  curing  and  the  effect  of 
bonding  agents 

-  volume  fraction  of  solids  (([iv)  Or  solid  load  (wt.%) 

surface  area  of  solids  (expressed  for  instance  as  S,v“  in  m^  /  ml  binder) 

The  above  mentioned  effects  influence  the  properties  of  the  composition  after 
processing  as  well,  for  instance  mechanical  properties,  but  also  the  performance  and 
the  sensitivity  to  shock. 

3.  Rheology 

The  processing  of  PBXs  at  TNO-PML  is  carried  out  using 

-  the  small  scale  300  ml  KA  mixer  for  preliminary  processing  characterisation, 

-  the  larger  HKV  5  (max  3  liter)  and  HKV  25  (10  liter  capacity)  mixers  for  casting 
of  larger  test  items, 

-  or  the  twin  screw  extruder  [1]. 

The  compositions  described  here  are  based  on  PPG  or  HTPB.  Unfilled  prepolymers 
behave  as  Newtonian  fluids.  By  addition  of  an  energetic  filler  to  the  HTPB 
prepolymer,  shear  rate  dependent  behavior  such  as  pseudoplasticity  showes  up;  the 
stress  to  be  applied  is  no  longer  proportional  to  the  shear  rate  as  for  a  Newtonian  fluid 
[2].  Usually  a  decrease  of  viscosity  with  increasing  shear  rate  is  found,  so-called  shear 
thinning. 

Further  filling  leads  to  time  dependent  behaviour  and  more  elastic  behaviour  [4].  The 
latter  appears  as  a  yield  stress  (a  relative  large  stress  has  to  be  applied  before  the  mix 
will  flow)  or  in  a  oscillatory  measurement  as  a  linear  viscoelasticity  (LVE)  region 
with  a  corresponding  critical  stress.  Applying  a  larger  stress  will  result  in  a 
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destruction  of  the  structure  of  the  mix  -  the  mixture  will  become  inhomogeneous  (e.g. 
fluid  film  at  the  boundary).  The  extent  of  these  effects  increases  with  increasing  solid 
load. 

The  rheological  behaviour  is  measured  with  ; 

-  a  Haake  RT  10  Rheometer  to  determine  viscous  and  viscoelastic  properties  [2]  of 
the  preprocessing  compositions 

-  a  Thermal  Mechanical  Analyser  and  a  draw-bench  to  determine  the  mechanical 
properties  for  the  castcured  and  extruded  compositions  [2,3]. 

In  the  rotation  mode  of  the  Haake  RTIO  the  shear  rate  dependence  of  viscosity  is 

determined  and  data  is  analyzed  according  to  the  power  law  Ti=.^ry  ^  ”,  with  T]  is 
viscosity,  K  a  constant,  dy/dt  the  shear  rate  and  n  the  pseudoplasticity  index. 
Furthermore  the  extent  or  thixotropy  or  existence  of  yield  stress  is  determined. 

In  the  oscillation  mode  one  can  determine  the  dynamic  viscosity  or  dynamic  shear 
modulus. 

4.  Compositions  and  results 

The  compositions  presented  in  the  tables  1  and  2  have  been  processed  in  the  small 
IKA  mixer  or  in  the  HKV  5  planetary  mixer.  The  extrudable  compositions,  gun 
propellants,  are  mixed  in  the  extruder,  while  the  final  propellant  grain  design  (five  or 
nineteen  holes)  has  been  realised  by  hot  pressing. 

4.1  Castable  compositions  and  castability  limits 

In  table  1  the  rheological  characterisation  results  of  some  of  a  series  of  well,  moderate 
and  bad  castable  propellant  batches  are  presented.  PPG  and  HTPB  are  applied  as 
binders  with  AP  as  filler.  The  percentages  bonding  agent,  cure  catalyst  and  the 
NCO/OH  ratio  have  been  varied.  In  table  1  the  results  obtained  by  rotation  mode 
(viscosity  at  a  shear  rate  of  1  s"',  K,  the  power  law  index  n,  and  the  extent  of 
thixotropy)  and  by  oscillation  mode  (dynamic  viscosity.  G”  and  time  to  max  delta  - 
see  figures  3  and  4)  measurements,  are  presented  and  rearranged  according  to  their 
castability.  The  phase  shift  5  is  equal  to  arctan(G’7G’),  with  G”  the  shear  loss 
modulus,  and  G’  the  shear  storage  modulus. 
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When  the  castability  becomes  worse  the  dynamic  viscosity,  storage  modulus, 
thixotropy  and  K  increase,  while  the  power  exponent  (n)  and  time  to  max.  delta 
decrease.  Furthermore  it  is  clear  for  castable  compositions,  that  G”  is  typically  equal 
or  lower  than  100  Pa. 

It  appears,  that  although  (t)v(or  solid  load)  and  S„”  only  change  to  a  limited  extent,  the 
castability  changes  considerably,  thereby  demonstrating  the  importance  of  chemically 
and/or  physico-chemically  induced  effects. 


Table  1:  Relation  between  castability  and  rheological  parameters  (AP  based  propellants). 


mmMm^ 

CK  112 

CK  122 

CK  115 

CK  127 

CK 

125 

PPG 

PPG 

HTPB 

HTPB 

HTPB 

HTPB 

HTPB 

0.67 

0.67 

0.73 

0.73 

0.73 

mm 

0.73 

Sw” 

1.09 

1.14 

0.65 

0.56 

- 

■Bl 

0.53 

Castability 

well 

well 

moderate 

moderate 

moderate 

bad 

very 

bad 

Oscillation 

mode 

160 

100 

500 

300 

Ti*  (Pa-s) 

G”  (Pa) 

50 

20 

90 

50 

96 

55 

85 

52 

170 

100 

Time  to 
max.8  (hrs) 

12.6 

17 

>15 

? 

6.5 

5 

<1.5 

Rotation 

mode 

Ti  at  1  s'‘ 

105 

180 

200 

210 

390 

“ 

- 

(Pa.s) 

Thixotropy 

15 

97 

44 

249 

(W/ra’) 

n 

0.66 

0.99 

0.33 

0.56 

0.47 

. 

. 

K 

93 

180 

219 

221 

347 

- 

- 

For  an  HTPB/AP  based  propellant,  designated  CK  45,  a  series  of  rheological 
measurements  has  been  carried  on  the  mix  before  and  after  IPDI  addition,  see  table  2. 
The  waiting/rest  time  after  inserting  the  sample  in  the  Haake  RTIO  and  before 
starting  the  measurement  is  extremely  important,  because  of  the  ongoing  curing 
reaction.  For  all  experiments  a  rest  time  of  10  minutes  is  used. 

It  is  observed  that  the  mixture  before  addition  of  IPDI  shows  an  impressive  yield 
stress  (see  figure  1)  in  the  rotation  mode.  In  the  oscillation  mode  the  measurements 
show  likewise  a  LVE  (Linear  Visco-Elastic)  region,  however,  with  a  smaller  critical 
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stress  value  because  of  the  different  test  conditions.  Besides,  G”  is  about  10“'  times 
larger  as  found  as  castability  limit  in  table  1.  Furthermore,  G’  »  G”,  indicating  that 
the  rheologic  behaviour  is  predominantly  elastic. 

Table  2  shows,  that  after  the  addition  and  mixing  of  the  PDI,  the  initially  non¬ 
castable  composition  can  be  cast  as  the  yield  stress  and  the  critical  LVE  stress  are 
reduced  considerably. 


Table  2:  Rheological  characterisation  of  CK  45,  a  moderately  castable,  AP/HTPB  based 
propellant  composition  and  the  effect  of  isocyanate  addition. _ 


Castability 

before  IPDl 
addition 

afier  mixing  with  IPDl 

does  not  flow 

13,000 

7800 

4 

large  LVE  region 
3.10^  (>G”) 

470 

moderate 

2360 

200  -  400 

30 

small  LVE  region 

4.10^  (>G”) 

50  -  100 

Rotation  mode 
r|  at  0  09  s"'  (Pa  s) 
yield  stress  (Pa) 
deformation  (%) 
Oscillation  mode,  f  =  1  Hz 

Stress  sweep 

G>a) 

Tc  Pal 

Oscillation  mode,  time  curve* 

T  <  50  Pa 

T  >  100  Pa 

It*  Pa.s) 

83000 

45 

G>a) 

- 

5.10® 

300 

G'  (Pa) 

- 

1.10® 

150 

*  Measurements  are  carried  out  with  a  serrated  plate. 


The  effect  of  the  isocyanate  (PDI)  addition  is  a  reduction  in  the  yield  stress  from 
7800  to  about  300  Pa,  while  applying  forces  larger  than  about  100  Pa  in  oscillatory 
measurements  results  in  a  sharp  reduction  of  the  dynamic  viscosity  making  casting 
possible.  It  is  remarkable  to  see  that  the  loss  modulus  G”  is  reduced  by  a  factor  1000. 


Combining  the  results  of  tables  1  and  2,  well  castable  compositions  are  characterised 
by  a  viscosity  <  200  Pa-s  at  1  s"',  a  pseudoplasticity  index  >  0.6  (or  0.4  for  THMD 
containing  compositions),  and  a  thixotropic  index  <  100  Wm'^,  in  rotation  mode 
measurements.  In  oscillation  mode  measurements  a  castable  composition  is 
characterized  by  an  initial  dynamic  viscosity  <  100  Pa-s  at  0. 1  Hz,  or  loss  modulus  < 
70  Pa.  Furthermore,  the  pot  life,  or  time  to  max.  6  needs  to  be  more  than  10  hrs. 
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4.2  Extrudable  compositions 

In  table  3  a  number  of  extruded  compositions  are  presented;  given  are  the  solid  load 
and  Sw”,  and  the  results  of  the  rheological  characterisation  (see  also  figure  2). 
Because  of  the  very  small  particles  (<  10  micron)  the  solid  load  is  lower  than  for  a 
bimodal  filler  mix  with  the  usual  size  distributions.  The  main  reason  is  that  the 
surface  area  to  be  wetted  is  about  a  factor  of  four  to  six  higher  than  for  a  bimodal 
filler  mix. 


Table  3:  Rheolo^cal  characterisation  of  extrudable  compositions  (gun  propellants). 


IBk  1001-3 

IBk  1007-4 

IBK  1007-6 

Solid  load  (wt.%) 

79.5 

82.0 

82:.0 

Sw”  (m^/ml  binder) 

2.25 

2.25 

Castabiiity 

not 

not 

not 

Oscillation  mode 

f=0.1Hz 

f=lHz 

f  =  IHz 

G’  (Pa) 

2.10* 

2.10'* 

6.10® 

tc(Pa) 

2300 

22,000 

40,000 

*  Measurements  are  carried  out  with  a  serrated  plate. 


Firstly,  this  table  shows,  that  the  G’  values  are  larger  than  those  presented  in  table  2, 
while  the  critical  stress  values  are  more  than  10  times  larger. 

Secondly,  it  is  shown,  that  the  stresses  to  be  applied  to  extrudable  compositions  to 
force  the  mix  to  flow  are  in  the  range  of  about  3  to  50  kPa.  When  exceeding  these 
stresses  the  mix  becomes  heterogeneous  and  the  moduli  are  reduced  by  a  factor  of 
about  1000. 

This  correspond  well  with  those  stresses  found  by  others  [6];  stresses  of  18  -  22  kPa 
are  needed  resulting  in  shear  rates  of  20  -  70  s’*.  In  a  twin  screw  extruder  as  used  at 
TNO-PML  the  maximum  shear  stresses  are  in  between  100  and  200  kPa  [1]  to 
guarantee  save  processing  of  highly  energetic  materials. 


4.3  Mechanical  properties  of  cured  compositions 

As  stated  in  the  introduction  the  parameters  influencing  rheology  have  their  effect  on 
the  mechanical  properties  as  well.  In  Table  4  the  mechanical  data  are  presented  of 
some  of  the  compositions  referred  to  in  this  paper  as  determined  with  a  draw-bench 
using  the  tensile  and  compression  mode. 
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Table  4:  Tensile  and  compression  data  of  several  compositions. 


RL  144 

RU  130-1 

RU  147 

RU  146 

RU  133 

Processing 

Casting 

Casting 

Casting 

Casting 

Extrusion 

Particle  size  (pm) 

10/mono 

180/mono 

355/mono 

180/mono 

Solid  load  (wt.%) 

65 

65 

70 

85 

86.2 

Compression  modulus 

6.4 

7.1 

80 

(MPa) 

Max.  stress  (MPa) 

1 

4.4 

at  strain  (%) 

16.1 

22 

Young’s  modulus  (MPa) 

5.5 

8.5 

6.4 

1.4 

- 

Max.  stress  (MPa) 

0.66 

0.57 

0.29 

0.30 

- 

at  strain  (%) 

60 

15.7 

13.3 

28 

- 

Strain  at  break  (%) 

23 

45 

- 

Toughness  (MPa) 

0.62 

0.05 

0.15 

- 

It  appears  that  for  the  monomodal  batches  the  maximum  stress,  the  strain  at 
maximum  stress  and  the  strain  at  break  decrease  with  increasing  particle  size. 
Extruded  compositions  show  a  high  compression  modulus. 


5.  Conclusions 

It  is  clear  that  the  effect  of  curing  agents  and  surface  active  agents  are  as  important  as 
filler  volume  fraction  and  filler  surface  area  with  respect  to  the  rheological  behaviour. 
Cast-cured  compositions  show  shear  rate  and  time  dependent  behaviour.  The  limits  of 
castability  in  rheological  terms  have  been  established,  among  which  a  limit  for  the 
yield  stress. 

When  a  composition  has  a  yield  stress,  one  has  to  apply  relatively  large  stresses  in 
order  to  destroy  the  structure  of  the  compositions,  and  making  it  flow.  The  stresses 
applied  in  the  twin  screw  extruder  correspond  well  to  and  are  higher  than  the  yield  or 
critical  stresses  determined  by  rheological  measurements. 

It  is  common  practice  to  use  small  particle  sizes  to  reduce  the  shock  sensitivity  and  to 
improve  the  mechanical  properties  of  the  product.  For  castable  compositions  this 
implies  a  reduction  in  the  maximum  attainable  filler  volume  fraction.  This  problem 
can  be  solved  by  extruding  instead  of  casting.  For  example,  a  PBX  containing  18  fim 
monomodal  RDX  may  be  cast  with  a  solid  load  up  to  65  wt.%,  whereas  the  same 
composition  with  180  p.m  RDX,  can  have  a  solid  load  up  to  78  wt.%.  The  difference 
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is  the  particle  surface  area  to  be  wetted.  Applying  extrusion  the  same  composition 
with  18  (im  RDX  particles  can  have  a  solid  load  of  86  wt.%. 


ACRONYMS. 

AP  Ammonium  Perchlorate 

HDO  Hexane  Diol 

HMX  octogene 

HTPB  prepolymer  of  Hydroxy  Terminated  Poly  Butadiene 

IPDI  IsoPhoron  Diisocyanate 

LVE  Linear  ViscoElastic  region 

PBX  Plastic  Bonded  explosives 

PPG  prepolymer  of  Polypropylene  Oxide 

RDX  hexogene 

TMHD  TriMethyl  Hexane  Diol 


G’  shear  storage  modulus 

G”  shear  loss  modulus 

n  pseudoplasticity  index 

S”„  surface  area  of  solids 

(j)v  volume  fraction  of  filler 

Ti  shear  viscosity 

Ti  dynamic  viscosity 

Tc  yield  stress  or  critical  stress 

y  shear  rate 


(Pa) 

(Pa) 

(-) 

(mVml  binder) 
(-) 

(Pa.s) 

(Pa.s) 

(Pa) 

(s-‘) 
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Abstract 

Microstructural  features  in  raw  powders  of  High  Explosives  have  been  qualitatively  observed  by  many 
researchers,  using  polarized  light  and  scanning  electron  microscopy.  Here,  we  present  a  method  for  non-destructive 
quantification  of  volume  fraction  and  structure  of  intragranular  cracks  and  crystallization  voids  in  a  bulk  sample 
(100-300  mg).  By  employing  Small  Angle  Neutron  Scattering  (SANS)  in  conjunction  with  the  method  of  contrast 
variation,  we  can  effectively  highlight  different  structural  features  of  a  complex  system.  The  technique  of  contrast 
variation  relies  on  immersing  the  sample  in  a  uniform  fluid  of  known  neutron  scattering  length  density.  By 
selectively  varying  the  scattering  length  density  of  the  immersion  fluid,  scattering  contributions  from  internal  and 
external  structures  can  be  separated.  This  approach  is  analogous  to  varying  the  index  of  refraction  for  immersion  oil 
relative  to  a  sample  in  polarized  light  microscopy. 

SANS  experiments  on  HMX  were  conducted  using  loose  powders  (261  and  10  micron  mean  particle 
diameters)  and  pellets  made  by  uniaxial  consolidation  (without  binder)  to  7  and  10  volume  percent  porosity 
respectively.  Detailed  modeling  of  the  SANS  data  indicate  significant  alteration  of  the  intragranular  void/crack/pore 
structure,  with  pressing,  of  the  HMX  powders. 


I.  Introduction 


High  explosive  (HE)  materials  are  frequently  composites,  consisting  of  a  crystalline  high 
explosive  and  a  polymeric  binder.  These  materials  possess  both  naturally  occurring  and  process- 
related  defects  (cracks,  voids,  etc.)  which  can  affect  their  response  to  certain  stimuli.  Under 
conditions  of  impact  or  shock  for  example,  locally  heated  regions,  hot  spots,  can  occur.  The 
creation  of  hot  spots  is  thought  to  occur  by  conversion  of  mechanical  work  into  thermal  energy 
through  processes  such  as  viscous  void  collapse'.  The  critical  hot  spot  temperature  is  known  to 
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be  dependent  upon  both  the  size  and  shape  of  the  defect,  so  shifts  in  the  pore  size  distribution  in 
an  explosive  can  markedly  change  the  explosive  response  to  shock  and  impact  stimuli'.  Larger 
pores  (  >  1  p.m  diameter)  have  lower  critical  temperatures  and  are  generally  thought  to  be  of 
more  consequence  in  generating  hot  spots.  However,  recent  molecular  dynamics  simulations^ 
have  shown  that  nanometer  sized  defects  interact  strongly  with  shock  waves  and  thus  have 
profound  effects  on  the  shock  to  detonation  transition.  In  order  to  quantitatively  describe  an 
explosive’s  response  from  the  lowest  ignition  thresholds  to  the  development  of  full  detonations 
and  explosions,  accurate  measurements  of  a  number  of  structural  parameters  of  the  HE 
composite,  particularly  porosity  and  pore  size  distributions  are  required. 

Experimental  efforts  at  Los  Alamos  National  Laboratory  are  aimed  at  providing  detailed 
structural  information  of  high  explosives  over  lengthscales  from  angstroms  to  microns.  Such 
efforts  require  the  use  of  a  variety  of  techniques,  including  optical  microscopy,  BET  and  SEM. 
However,  direct,  quantitative  determination  of  structural  parameters  is  needed  for  an  accurate 
description  of  HE  materials.  Standard  metallographic  techniques,  such  as  cutting  and  polishing 
samples  are  adequate  for  measuring  particle  size  distributions,  but  are  inadequate  for  measuring 
pore  size  distributions  because  the  softness  of  the  materials  may  cause  the  surface  pores  to  be 
filled  in  polishing.  Techniques  such  as  BET  adsorption  or  mercury  porosimetry  measure  only 
open  pores,  which  represent  only  a  fraction  of  the  total  porosity  in  design  explosives.  As  part  of 
this  ongoing  effort,  we  have  performed  small  angle  neutron  scattering  (SANS)  measurements  in 
conjunction  with  the  method  of  contrast  variation  (to  be  discussed  later  in  the  paper)  to  measure 
the  shape  and  internal  structure  of  neat  HMX  powders.  In  comparison  to  other  techniques, 
SANS  has  a  distinct  advantage  in  that  it  is  noninvasive.  No  special  treatment  (polishing, 
grinding,  etc.)  of  samples  is  necessary  for  study.  A  sample  can  then  be  examined  in  its  pristine 
state,  exposed  to  some  external  insult  and  then  reexamined  without  further  altering  the  state  of 
the  material.  In  this  way,  in  situ  measurements  of  the  effects  of  external  stimuli  on  structural 
parameters  can  be  made,  allowing  for  more  direct  correlation  between  cause  and  effect.  SANS 
can  provide  detailed  structural  information  over  length  scales  between  10  and  1000  A.  As  the 
scattered  neutron  intensity  is  proportional  to  the  number  and  squared  volume  of  the  particles 
present,  SANS  can  provide  quantitative  information  about  pore  size  distributions.  Over  length 
scales  larger  than  0. 1  |im,  SANS  can  provide  in  situ  measurements  of  surface  area. 
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II.  Small  Angle  Neutron  Scattering 

In  a  SANS  experiment,  a  collimated  beam  of  neutrons  impinges  upon  a  sample,  which  is 
characterized  by  a  scattering  length  density  p(r).  At  any  point  within  the  sample,  the  scattering 
length  density  is  equal  to  the  sum  of  the  atomic  neutron  scattering  amplitudes  (scattering 
lengths)  in  a  small  volume  around  that  point,  divided  by  the  volume^: 


In, A 


Here,  fc,  is  the  atomic  neutron  scattering  length,  n,  the  number  of  a  given  atom  in  a  molecule  and 
V„  is  the  molecular  volume.  A  fraction  of  the  incident  neutrons  will  be  scattered  through  an 
angle,  20,  from  fluctuations  in  the  scattering  length  density.  p(r)  then  reflects  microscale 
structure  in  the  sample  in  both  density  and  chemical  composition. 

The  scattered  intensity,  I(Q),  is  measured  as  the  absolute  differential  cross  section  per 
unit  scattering  mass  (cmV')  as  a  function  of  the  magnitude  of  the  scattering  vector,  Q.  For 
elastic  scattering  events,  Q  =  (47t/X)sin6,  where  X  is  the  wavelength  of  the  incident  neutron  and 
0  is  half  of  the  scattering  angle.  I(Q)  is  related  to  p(r)  by  a  squared  Fourier  transform^: 

7(2)  =  7:(|J/j(r)exp(-/r  =  KP(Q),  (2) 

where,  the  angle  brackets  indicate  a  spherical  average  over  all  possible  particle  orientations  and 
P(Q)  is  the  normalized  particle  form  factor,  which  contains  the  particle  shape  information.  The 
constant,  K  =  NV^Ap^/M,  where  N  is  the  number  of  particles,  V  is  the  volume  of  a  particle,  M  is 
the  scattering  mass  and  hp  =  p- p^  is  the  contrast  between  the  average  scattering  length 
density  of  the  particle,  p  and  that  of  the  surrounding  media,  p^. 

Eq.  2  describes  the  observed  scattering  over  all  possible  length  scales.  Important 
approximations  to  this  expression  exist  which  are  valid  over  much  more  limited  ranges.  For 
example,  in  the  range  such  that  QR  <  1,  where  R  is  the  average  radius  of  the  particles  under 
study,  the  observed  scattering  can  be  described  by  the  Guinier  approximation^: 

=  (3) 

In  Eq.  3,  Rg  is  the  particle  radius  of  gyration  and  for  spheres,  Rg^  =  3/5  R^.  Over  length  scales 
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such  that  QR  »1,  the  scattering  can  be  described  as  a  negative  power-law'*,  I(Q)  =  /„<2  where 
Grand  /„  are  constants.  For  rough  interfaces,  3  <  a  <  4.  For  the  special  case  of  smooth  interfaces. 
Of  =  4  and  the  scattering  is  termed  Porod  scattering.  Under  these  circumstances, 

I(Q)  =  2nS  Af^Q-\  (4) 

where  S  is  the  interfacial  area  per  gram  of  material^. 


Scattering  From  Simple  Shapes 


Well-defined  particles  give  rise  to  distinctive  scattering  patterns  as  a  function  of  Q.  For 
example,  in  the  case  of  a  spherical  particle  of  radius  R;  the  particle  form  factor  has  the  former 
|2 


P(Q)- 


um) 


QR 


(5) 


where  ji  is  the  first  order  spherical  Bessel  function.  The  anticipated  scattering  for  an  isotropic 
solution  of  monodisperse  spherical  particles  is  shown  in  Fig.  1.  As  seen  in  the  figure,  in  the  low- 
Q  region,  the  scattering  curve  follows  the  Guinier  approximation  (Eq.  3).  This  regime  is 
followed  by  successive  maxima  which  fall-off  in  intensity  as  Q"'*.  The  positions  of  the  maxima 
are  indicative  of  the  particle  radius.  In  general,  most  systems  contain  some  level  of  size 
polydispersity,  the  effects  of  which  can  be  taken  into  account  by  performing  the  appropriate 
population  average  of  the  form  factor.  The  scattered  intensity  then  has  the  form: 

m)=^]N{R)V{RfP{Q,R)dR.  (6) 

M  0 

As  seen  by  the  solid  line  in  Fig.  1,  where  we  have  assumed  a  Gaussian  distribution  of  spherical 
particles,  the  effect  of  polydispersity  (even  at  low-levels)  is  to  wash-out  the  maxima,  resulting  in 
a  loss  of  information. 


Method  of  Contrast  Variation 

In  more  complex  systems,  such  as  composite  materials’■^  determination  of  the  structure- 
property  relationships  is  more  difficult.  This  is  due  to  the  fact  that  there  are  now  multiple 
contributions  to  the  scattering  signal.  For  an  HE  system,  these  contributions  arise  from  the 
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Figure  1  :  Modeled  SANS  scattering  for  monodisperse  spheres  (R  =  100  A)  and  a  Gaussian  distribution  of 
spheres  (R,v  =  100,  a  =  15%). 

polymer  matrix,  the  filler  (HE  material)  and  the  matrix-filler  interface  as  well  as  from  defects, 
such  as  (internal  and  external)  voids  and  cracks.  The  first  step  in  sorting-out  the  sources  of  the 
observed  scattering  is  to  study  the  isolated  components.  But,  even  the  investigation  of  these 
simplified  systems,  because  of  the  possibility  of  internal  structure,  requires  an  additional 
technique,  the  method  of  contrast  variation,  to  separate  the  scattering  arising  from  the  shape 
from  that  of  the  internal  structure.  The  method  takes  advantage  of  the  large  differences  in 
neutron  scattering  lengths  among  isotopes  of  hydrogen,  and  the  consequential  difference  in 
scattering  length  density  between  deuterated  and  non-deuterated  materials.  Thus,  making  a  fluid 
mixture  of  deuterated  and  non-dueterated  species  (cyclohexane  and  deuterocyclohexane  in  this 
work)  in  different  proportions,  Ap  in  Eq.  2  can  be  varied  continuously  and  different  structural 
features  enhanced  or  suppressed  (Fig.  2). 

For  the  purpose  of  contrast  variation  we  can  think  of  the  sample  as  a  collection  of 
particles  suspended  in  a  uniform  fluid,  then  the  structure  of  the  particles  can  be  modeled  as^'^: 
p(r)  =  p,+(p-/7ji2(r)  +  f(r),  (7) 
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Figure  2 :  By  varying  the  scattering  length  density  of  the  surrounding  media,  different  structural  features  can  be 
highlighted.  At  infinite  contrast  (a)  we  see  the  particle  shape  and  at  the  contrast  match  point  (b),  we  see  the 
internal  structure. 

where,  is  the  scattering  length  density  of  the  fluid  and  p  is  the  average  value  of  p{r)  over  the 
entire  sample  volume,  V,  given  by  the  expression. 


_ 


The  scattering  contrast  is  defined  as  Ap  =  p  -  ,  as  before.  Now,  two  important,  limiting  cases 

need  to  be  considered.  At  very  high  contrast  (~  infinite),  the  internal  structure  of  an  object 
makes  no  significant  contribution  to  the  overall  scattering.  Under  these  circumstances,  we 
measure  the  shape  of  the  particles,  represented  by  Q(r)  in  Eq.  7  (Fig.  2a).  This  is  the  shape  of 
the  fluid  excluding  parts  of  the  object.  At  the  other  extreme,  A/>->0  (the  contrast  match  point), 
only  fluctuations  from  the  internal  structure  (^(r)),  contribute  to  the  scattering  (Fig.  2b).  At  any 
given  contrast,  the  observed  scattering  intensity  is  proportional  to  the  square  of  the  Fourier 
transform  of  Eq.  7  and  can  be  expressed  as  a  quadratic  in  Ap: 

l{hp,Q)  =  ApV„(e)  +  Ap4f  (0  +  7^(0 .  (9) 

The  coefficients,  /„(0,  l^^Q)  and  l^Q)  represent  the  scattering  from  the  shape  of  the  solvent 
excluding  regions,  the  scattering  due  to  correlations  between  the  shape  and  internal  structure  and 
the  scattering  from  the  internal  structure,  respectively.  In  an  experiment,  data  is  collected  as  a 
function  of  Ap  and  Q.  The  resulting  curves  are  then  fit  to  Eq.  9  at  each  value  of  Q  and  the  three 
scattering  functions  determined.  A  minimum  of  three  different  contrasts  must  be  studied  to 
make  an  unambiguous  determination  of  the  individual  functions.  Measurements  are  typically 
performed  at,  above  and  below  the  contrast  match  point. 

It  should  be  noted  that  in  arriving  at  Eq.  9,  we  have  assumed  a  chemically  homogeneous 
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system.  If  chemical  inhomogeneity  exists,  the  expressions  for  the  individual  scattering  functions 
become  more  complex®.  To  the  extent  that  the  system  can  be  approximated  as  chemically 
homogenous,  Eq.  9  is  valid.  As  will  be  shown  later,  the  validity  of  this  assumption  can  be  tested 
in  the  normal  course  of  data  analysis. 

III.  Experimental 

Small  angle  neutron  scattering  measurements  were  performed  on  the  Low-Q 
Diffractometer  (LQD)  at  the  Los  Alamos  Neutron  Science  Center  (LANSCE).  Data  were 
reduced  by  conventional  methods’  and  are  reported  as  differential  scattering  cross  section  per 
unit  mass,  I(Q)  (cm’  g"'),  as  a  function  of  the  scattering  vector,  Q. 

Experiments  were  performed  on  powders  of  both  coarse  and  fine  HMX,  having  mean 
particle  diameters  of  261  and  10  pm,  respectively.  In  addition,  pressed  pellets,  made  by  uniaxial 
consolidation  of  the  neat  material  to  7  (coarse)  and  10  (fine)  volume  percent  porosity  were 
investigated  in  order  to  determine  the  effect  of  pressing  on  the  microstructure.  The  scattering 
measurements  were  performed  in  conjunction  with  the  method  of  contrast  variation,  as 
described  previously.  To  this  end,  all  samples  were  mixed  with  cyclohexane  and  placed  in 
rectangular  quartz  cells  having  a  2mm  pathlength.  The  choice  of  a  dispersion  fluid  was  based 
upon  the  wide  range  of  contrasts  that  can  be  reached  with  cyclohexane/deuterated  cyclohexane 
mixtures  and  that  HMX  is  insoluble  in  cyclohexane.  The  ratio  of  deuterated/non-deuterated 
cyclohexane  was  varied  in  order  change  the  total  scattering  contrast  of  a  sample.  Five  to  six 
different  contrasts  were  measured  for  each  sample.  The  data  from  the  individual  runs  were  fit 
according  to  Eq.  9.  The  results  obtained  for  the  shape  and  internal  structure  functions  are 
discussed  below. 

IV.  Results  and  Discussion 

SANS  lineshapes  for  the  loose  coarse  (HMX-C),  pressed  coarse  (C93),  loose  fine  (HMX- 
F)  and  pressed  fine  (F90)  at  different  contrasts  are  shown  in  Fig.  3.  As  the  amount  of  deuterated 
solvent  is  varied  (contrast  is  varied),  a  change  in  both  intensity  and  shape  of  the  curves  is  seen. 
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Figure  3  ;  SANS  scattering  curves  as  a  function  of  contrast  for  HMX  powders.  Curves  change  in  intensity  and 
shape  as  contrast  is  varied  because  of  internal  structure. 

This  initial  observation  is  a  good  qualitative  indication  that  the  HMX  crystals  possess  internal 
structure  over  the  length  scales  probed  (10  -  1000  A)  and  that  the  SANS  technique  is  sensitive 
to  this  structure. 

Analysis  of  the  lineshapes  according  to  Eq.  9  is  displayed  in  Fig.  4  in  the  form  of 
contrast  maps,  which  show  clear  minima  as  Q  — >  0.  The  zero  of  contrast  along  the  vertical  axes 
was  calculated  using  the  scattering  length  density  predicted  by  the  chemical  composition  of 
HMX  {p  =  4.5  X  lO'”  cm'^).  The  positions  of  the  minima  indicate  the  average  scattering  length 
density  (p)  of  the  HMX  material.  As  can  be  seen  in  the  figure,  in  all  cases  the  minima  are 
displaced  from  zero  indicating  that  p  is  different  from  that  predicted  by  the  chemical 
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Figure  4  :  Contrast  maps  for  HMX  powders,  (a)  HMX-C,  (b)  C93,  (c)  HMX-F,  (d)  F90.  Position  of  contour 
minima  determines  p. 

composition.  Except  for  the  case  of  HMX-C,  the  minima  appear  at  negative  values  of  Ap, 
indicating  that  p  is  less  than  p.  This  is  what  would  be  expected  if  the  differences  in  scattering 
length  density  are  due  to  the  presence  of  voids,  internal  to  the  HMX  crystals.  With  the  use  of 
Eqs.  1  and  8,  we  can  derive  an  expression  for  the  void  fraction,  <!>„  in  terms  of  p  and  p : 

(10) 

P 

Values  of  (j)^  calculated  from  Eq.  10  and  the  p  determined  from  the  contrast  maps  are 
summarized  in  Table  I.  In  comparing  the  HMX-F  and  F90  samples,  we  see  that  there  is  a  slight 
decrease  in  the  void  fraction  with  pressing.  This  suggests  that  the  internal  voids  are  collapsing 
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Table  I :  Summary  of  internal  void  fraction  and  mean  internal  pore  size  for  HMX  powders. 


Sample 

Internal  Void  fraction,  ^ 

Mean  Pore  Diameter  (A) 

Diameter  RMS  (A) 

HMX-C 

— 

560 

320 

HMX-F 

0.08 

112 

104 

C93 

0.04 

98 

46 

F90 

0.05 

34 

10 

under  pressure.  We  were  unable  to  make  a  clear  determination  of  <p^  for  the  HMX-C  sample  so 
we  cannot  make  a  direct  comparison  of  the  coarse  material.  However,  the  value  measured  for  the 
C93  is  very  near  that  of  F90,  which  is  consistent  with  the  idea  of  collapsing  voids. 

While  the  contours  of  Fig.  4  have  well-defined  minima,  a  small  Q-dependence  to  the  minima 
positions  was  found,  suggesting  the  possible  influence  of  chemical  inhomogeneity  on  the 
experimental  results.  Chemical  analysis  of  the  HMX  showed  only  a  small  amount  (<  1%)  of 
RDX  impurity  which  will  have  negligible  effect  on  the  determination  of  p .  If  large  chemical 
inhomogeneities  existed  in  the  system,  the  contours  in  Fig.  4  would  appear  to  be  flattened-out. 
So  the  appearance  of  sharp  minima  in  Fig.  4  is  a  good  indication  of  chemical  homogeneity.  The 
basic  scattering  functions  were  calculated  for  values  of  p  ranging  from  4.5  -  4.9  x  lO'^cm"^  (as 
determined  from  Fig.  4)  to  determine  the  influence  of  p  on  the  analysis.  Over  the  range  of 
scattering  length  densities  used,  no  significant  changes  in  either  or  were  observed. 

The  basic  scattering  functions  derived  from  the  data  are  shown  in  Figs.  5-6.  Fig.  5a  shows 
the  shape  functions  for  all  four  samples  which  display  power-law  scattering  with  an  exponent,  a 
=  4.  Analysis  of  the  shape  functions  was  carried-out  according  to  Porod’s  law  (Eq.  4)  and  the 
total  surface  area  per  gram  determined.  The  results  are  summarized  in  Fig.  5b.  As  seen  in  the 
figure,  the  HMX-F  sample  has  a  much  higher  surface  area  than  the  HMX-C  sample.  This  is 
expected  as  the  fine  material  is  made  by  grinding  the  coarse  HMX  into  smaller  particles.  Upon 
pressing,  an  increase  of  surface  area  was  found  in  the  case  of  the  coarse  material,  suggesting  that 
pressing  induces  surface  cracks  and  breaks-up  crystallites.  However,  in  the  case  of  the  fine 
material,  a  slight  loss  of  surface  area  upon  pressing  is  seen.  This  behavior  can  be  understood  by 
considering  that  when  a  material  is  pressed,  several  things  happen  which  contribute  to  the 
surface  area.  First,  there  is  a  gain  in  surface  area  when  crystallites  are  broken-up  or  when  surface 
cracks  are  induced.  But,  at  the  same  time,  there  is  a  loss  in  surface  area  to  the  collapse  of 
existing  surface  cracks  and  to  increased  contact  of  individual  crystallites.  So,  for  the  coarse 
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material,  the  dominant  effect  is  the  breaking  and  cracking  of  crystallites,  resulting  in  a  net  gain 
in  surfaee  area,  whereas  for  the  fine  HMX,  the  net  loss  in  surface  area  suggests  that  the 
collapsing  of  cracks  and  pressing  of  erystallites  together  is  the  dominant  behavior.  These  results 
differ  from  those  obtained  by  BET  measurements.  For  the  coarse  HMX,  the  SANS  results  show 
the  same  trend  of  increasing  surfaee  area  with  pressing  as  BET,  but  differ  in  the  absolute  values 
measured.  However,  for  the  fine  HMX,  the  two  techniques  differ  in  both  magnitude  and  trend. 
The  differences  between  the  two  techniques  may  result  from  the  different  length  scales  probed 
by  the  individual  techniques  and  are  currently  under  investigation. 

The  internal  structure  functions  for  the  coarse  and  fine  HMX  samples  are  shown  in  Fig. 
6.  Significant,  qualitative  changes  in  the  lineshapes  are  visible  upon  pressing,  indicating  that 
pressing  induces  structural  changes.  In  order  to  quantify  these  changes,  the  data  were  fit  (solid 
lines  in  the  figure)  to  a  general  model  consisting  of  polydisperse  spherical  particles  (Eq.  6).  N(R) 
in  Eq.  6  was  assumed  to  have  a  Gaussian  shape.  From  the  analysis,  a  mean  size  for  the  internal 
voids  (or  pores)  was  determined.  The  results  are  summarized  in  Table  I,  where  we  see  that  the 
coarse  material  is  characterized  by  a  larger  mean  pore  size  than  the  fine  as  would  be  expected.  In 
both  cases,  there  is  a  shift  to  a  smaller  pore  size  with  pressing  with  smaller  root  mean  deviation 


Figure  5  :  (a)  Shape  functions  determined  by  contrast  variation  analysis,  (b)  Surface  area  per  gram  derived 
from  Porod  analysis  of  shape  functions. 
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Figure  6  :  Internal  structure  functions.  Changes  in  measured  curves  indicate  pore  collapse  upon  pressing. 

Solid  and  dashed  lines  are  fits  to  a  model  of  polydisperse  spheres. 

(RMS)  about  the  means.  Such  a  shift  can  be  caused  by  the  collapse  of  larger  pores  and/or  the 

induction  of  elongated  structures  (internal  cracks)  and  is  consistent  with  the  void  fi-action 

calculations. 

V.  Summary  and  Conclusion 

We  have  used  small  angle  neutron  scattering  to  smdy  the  microstructure  of  a  high 
explosive  material.  The  changes  observed  in  the  measured  lineshapes  as  a  function  of  contrast 
are  indicative  of  structure,  internal  to  the  HMX  material.  With  the  use  of  the  contrast  variation 
technique,  we  were  able  to  separate  the  scattering  signals  arising  from  this  internal  stmcture  and 
that  arising  from  the  shape  of  the  HMX  crystals.  Analysis  of  contrast  maps  enabled  a 
determination  of  the  average  scattering  length  density,  p ,  and  hence  the  void  fraction,  was 
found  to  decrease  with  pressing  and  sample  preparation  (grinding),  suggesting  a  collapse  of 
internal  voids.  The  shape  functions  for  all  four  samples  studied  display  Porod  scattering, 
indicating  that  the  lower  bound  for  particle  size  is  >  0.1  |J.m.  Through  analysis  of  the  shape 
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functions  we  were  able  to  measure  systematic  changes  in  the  surface  area  as  a  function  of 
pressing.  By  modeling  the  internal  structure  functions  as  a  system  of  polydisperse  spherical 
particles,  a  mean  internal  pore  size  for  the  different  materials  and  an  RMS  of  the  distributions 
were  extracted.  A  downward  shift  of  the  mean  pore  size  was  seen,  dependent  upon  pressing, 
indicating  a  collapse  of  larger  voids  and/or  the  development  of  more  elongated  structures 
(cracks). 

Our  results  demonstrate  that  small  angle  neutron  scattering  is  a  powerful  tool  for  use  in 
the  characterization  and  surveillance  of  high  explosive  materials.  With  SANS,  we  can  obtain  in 
situ  measurements  of  surface  area  and  quantitative  measurements  of  internal  void  populations  as 
well  as  changes  in  these  quantities  dependent  upon  external  insult.  These  preliminary  results 
indicate  that  there  is  significant  structure  in  HMX  in  the  range  of  10  -  1000  A,  which  may 
influence  the  shock  to  detonation  transition^.  In  the  future  we  plan  to  study  the  more  complex 
PBX9501  (95  wt.%  HMX,  coarserfine  -  3:1)  system  in  order  to  determine  the  influence  of  the 
binding  material  on  changes  in  the  particle  structure. 

This  work  was  supported  in  part  by  the  U.S.  Department  of  Energy  under  contract  number  W- 
7405-ENG-36  with  the  University  of  California. 
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ABSTRACT 


In  this  paper  the  thermal  behaviour  and  hazard  assessment  of  lithium,  sodium,  potassium, 
rubidium  and  cesium  dinitramide  are  presented.  Differential  scanning  calorimetry,  thermal 
gravimetric  analysis,  differential  thermal  analysis  and  hot  stage  microscopy  were  used  to 
examine  the  thermal  decomposition  of  these  five  dinitramide  salts.  The  metal  dinitramides 
quantitatively  decomposed  to  their  respective  metal  nitrates,  which  were  identified  by  mass 
spectrometry  and  X-ray  diffraction.  Hazard  assessment  showed  that  the  metal  dinitramides 
were  insensitive  to  impact  and  friction,  moderately  insensitive  to  electrostatic  discharge  but 
relatively  unstable  under  vacuum  stability  testing  conditions. 


INTRODUCTION 

The  use  of  ammonium  dinitramide  (ADN)  as  a  potentially  superior  oxidant  in  place  of 
ammonium  nitrate  and  ammonium  perchlorate  has  been  recognised  for  a  number  of  years, 
with  a  large  body  of  patents  and  scientific  literature  published.  In  recent  years,  however,  a 
considerable  amount  of  work  has  been  devoted  to  the  synthesis  of  ADN  analogues.  Metal 
dinitramides  may  be  formed  by  direct  replacement  of  the  ammonium  cation  in  ADN,  giving 
rise  to  a  large  family  of  derivatives'.  Similar  reactions  of  ADN  with  organic  ammonium  bases 
results  in  the  synthesis  of  organic  salt  analogues^.  The  dinitramide  anion  is  an  extremely 
stable  species  and  can  be  utilised  in  nucleophilic  substitution  reactions  with  organohalides  to 
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form  organic  dinitramides^.  This  latter  technique  is  able  to  provide  a  vast  array  of  dinitramide 
derivatives  for  use  as  high  energy  materials  and  oxidants,  while  the  formation  of  metal 
dinitramide  salts  enables  high  density  oxidants  to  be  obtained. 

As  part  of  an  ongoing  investigation  into  dinitramide  chemistry  in  these  laboratories  a  series  of 
alkali  metal  dinitramide  (MDN)  salts  was  synthesised  for  incorporation  into  pyrotechnic  flare 
compositions.  Metal  dinitramide  salts  not  only  provide  an  energetic  oxidant  for  the 
composition,  but  also  enable  metal  salts  to  be  incorporated  at  a  molecular  level  to  provide 
pyrotechnic  effects.  This  paper  presents  a  hazard  assessment  of  lithium,  sodium,  potassium 
rubidium  and  cesium  dinitramides,  and  examines  their  thermal  behaviour  and  decomposition 
products. 


SYNTHESIS 


All  five  dinitramide  salts  were  synthesised  via  an  acid/base  reaction  using  equimolar 
quantities  of  the  appropriate  metal  hydroxide  with  ADN  in  water  (Scheme  1).  Removal  of 
water  and  liberated  ammonia  gas  by  freeze  drying  gave  the  salts  as  white  powders. 
Recrystallisation  gave  the  salts  as  crystalline  plates  (NaDN  from  nitromethane)  or  needles 
(KDN,  RbDN  and  CsDN  from  methanol).  The  lithium  salt  could  not  be  recrystallised,  and  the 
freeze  dried  material  was  used  directly  for  analysis. 

Scheme  1 


NH4N3O4 


MOH 

- ► 

H2O 

O^C,  90  min 


MN3O4  (  +  H2O  +  NHg  ) 


M  =  Li  (74%),  Na  (46%) 
K  (72%),  Rb  (87%) 
Cs  (76%) 
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SENSITIVENESS  AND  VACUUM  STABILITY 

Sensitiveness  to  impact  and  friction  were  evaluated  using  Rotter  impact'*  and  BAM  friction^ 
tests  respectively,  tvith  all  five  dinitramide  salts  showing  insensitivity  to  both  stimuli  (Table 
1).  Sodium,  potassium  and  cesium  dinitramide  were  characterised  by  Figure  of  Insensitivity  (F 
of  I)  values  beyond  the  drop  height  range  of  the  AMRL  instrument.  Lithium  and  rubidium 
dinitramide  displayed  F  of  I  values  of  140  and  130  respectively,  c/  F  of  I  of  30  for  ADN.  Gas 
evolution  was  extremely  low  for  both  samples  (1.6  and  1.1  mL  c/  18  mL  for  RDX  with  F  of  I 
80).  Low  gas  evolution  from  energetic  materials  upon  impact  initiation  usually  indicates  poor 
propagation  of  reaction  and  hence  a  low  Explosiveness  and  Hazard  Index®.  For  impact  results 
with  energetic  metal  salts,  however,  care  must  be  taken  in  drawing  such  definitive 
conclusions.  Low  evolved  gas  volumes  may  be  a  result  of  oxidant  consumption  to  form  metal 
oxides  and  give  no  indication  as  to  the  ease  of  propagation  of  the  event  through  the  material. 
BAM  friction  results  for  all  five  salts  were  greater  than  360  N. 

The  MDN  salts  showed  varied  responses  to  electrostatic  discharge'*.  LiDN  proved  to  be  the 
most  sensitive  with  initiation  occurring  above  the  0.045  J  level.  CsDN  displayed  intermediate 
sensitivity,  while  NaDN,  KDN  and  RbDN  could  not  be  initiated  at  a  4.5  J  discharge. 

All  dinitramide  salts,  with  the  exception  of  LiDN,  reacted  violently  under  Temperature  of 
Ignition^  test  conditions  (duplicate  runs  of  200  mg  samples  heated  at  5°C/min).  Ignition 
occurred  at  between  123  -  158°C  for  sodium,  potassium,  rubidium  and  cesium  dinitramide 
and  was  accompanied  by  an  explosion  or  smoke.  LiDN  showed  no  ignition  at  temperatures  up 
to  400°C.  Differential  scanning  calorimetry  (DSC)  for  LiDN  (Figure  1)  showed  exothermic 
behaviour  at  temperatures  of  125°C,  yet  no  violent  ignitions  were  observed  under 
Temperature  of  Ignition  test  conditions. 

Vacuum  stability  testing  (SO^C  for  40  hours)  of  the  salts  was  carried  out  at  a  more  moderate 
temperature  than  the  standard  120°C  due  to  the  low  ignition  temperatures  discussed  above. 
Despite  these  mild  conditions,  however,  all  five  salts  liberated  considerable  volumes  of  gas. 
Analysis  of  both  lithium  and  sodium  salts  were  halted  early  due  to  excessive  gas  pressure. 
RbDN  evolved  the  least  quantity  of  gas  after  the  40  hour  test  period,  but  considerably  more 
than  ADN. 

Density  measurements  on  recrystallised  sodium,  potassium,  rubidium  and  cesium  dinitramides 
showed  an  increasing  density  of  the  salt  with  increasing  molecular  weight  and,  with  the 
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exception  of  potassium,  density  of  the  cation.  Lithium  dinitramide  recorded  a  density  higher 
than  the  sodium  salt,  however,  measurements  were  recorded  on  a  freeze  dried  sample  thereby 
leading  to  anomalous  results. 


TABLE  1.  Hazard  Assessment  for  Metal  Dinitramide  Salts 


LiDN 

NaDN 

KDN 

RbDN 

CsDN 

ADN 

Density  (g/cm^) 

2.15-2.19 

2.09 

2.25 

2.63 

3.07 

1.81 

F  of  I  (Gas  evolved,  mL) 

140(1.6) 

>145 

>145 

130(1.1) 

>145 

30  (2.3) 

BAM  Friction  (N) 

>360 

>360 

>360 

>360 

>360 

360 

Electrostatic  Discharge  (J) 

0.045 

4.5 

4.5 

4.5 

0.45 

0.45 

Temp,  of  Ignition  (°C) 

>400 

123 

140 

158 

155 

142 

Vacuum  Stability  (80°C  / 
40  hr,  mL/5g) 

Excess 

Gas 

Excess 

Gas 

22.9 

4.75 

25.5 

0.73 

THERMAL  ANALYSIS 

Lithium  Dinitramide 

The  DSC  trace  of  LiDN  displayed  two  exotherms  at  125°C  (-298  J/g)  and  182°C  (-101  J/g) 
(Figure  1).  The  melting  endotherm  occurred  between  the  two  exotherms  at  157°C  (^-83  J/g) 
and  corresponds  to  melting  of  an  initial  decomposition  product  rather  than  LiDN  itself.  This 
was  confirmed  by  hot  stage  microscopy  where  the  salt  was  seen  to  first  darken  and  then 
evolve  gas  before  melting.  LiDN  is  extremely  hygroscopic  and  becomes  hydrated  within  a 
short  period  upon  exposure  to  the  atmosphere.  An  endotherm  at  63  °C  (+52  J/g)  is  observed 
corresponding  to  the  loss  of  H2O  from  LiDN.xH20.  Thermal  gravimetric  analysis  (TGA)  of 
the  sample  showed  a  total  mass  loss  of  40.2%,  corresponding  to  the  formation  of  LiNOs  from 
the  dinitramide,  with  a  stoichiometric  loss  of  N2O. 

Sodium  Dinitramide 

The  NaDN  salt  gave  a  melting  endotherm  at  97°C  (+54  J/g)  followed  by  major  and  minor 
exotherms  at  156°C  (-946  J/g)  and  2I0'’C  (-105  J/g)  respectively  (Figure  2).  The  minor 
exotherm  at  210°C  appeared  just  below  the  baseline  but  was  confirmed  by  a  corresponding 
TG  mass  loss.  A  third  minor  exotherm  was  observed  in  the  differential  thermal  analysis 
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(DTA)  trace  just  prior  to  melting  (91°C)  but  was  not  evident  in  the  DSC.  TG  analysis  showed 
a  total  mass  loss  of  38%,  matching  the  formation  of  NaNOj  with  the  loss  of  N2O. 

Additional  evidence  for  nitrate  formation  was  observed  in  both  the  DSC  and  DTA  traees  as 
endotherms  at  291°C  (+61.1  J/g)  for  the  melting  of  NaNOj.  The  nitrate  melting  endotherm 
observed  at  291°C  was  lower  than  the  corresponding  literature  value  (307°C),  however,  a 
significant  depression  in  melting  points  for  ADN  and  dinitramide  salts  is  observed  on 
inclusion  of  small  quantities  of  impurities’. 

Potassium  Dinitramide 

The  KDN  DSC  trace  (Figure  3)  displayed  a  large  endotherm  at  128°C  (+96  J/g)  corresponding 
to  melting  of  KDN,  however,  it  was  preceded  by  a  smaller  exotherm  (105°C,  -10.5  J/g)  and 
endotherm  (108°C,  +5.3  J/g).  Hot  stage  microscopy  showed  the  exothermic  process  from  92  - 
108°C  to  be  a  breakdown  of  the  crystal  structure.  The  solid  was  then  seen  to  partially  melt 
from  109  -  115°C,  after  which  no  further  decomposition  or  melting  was  observed  until  the 
onset  of  the  KDN  melt  at  1 19'’C.  This  partial  decomposition  /  partial  melt  /  quench  sequence 
has  been  observed  by  other  workers*'^.  The  observed  endotherm  at  108°C  corresponds  to  the 
melting  point  of  a  KDN/KNO3  eutectic®.  Two  major  exotherms  were  observed  in  the  DSC, 
with  the  first  displaying  at  least  two  overlapping  maxima  (range  140  -  182°C,  -605  J/g).  A 
final  endotherm  occurred  at  319°C  (+51.5  J/g)  corresponding  to  melting  of  BCNOa,  the  final 
decomposition  product  (KNO3  lit.  mp  334°C);  the  TGA  mass  loss  of  30.2%  corresponded  to 
the  formation  of  KNO3. 

Rubidium  Dinitramide 

DSC  analysis  of  RbDN  gave  a  similar  trace  to  both  the  sodium  and  potassium  analogues 
(Figure  4),  with  two  complex  exotherms  observed  at  141°C  (-298  J/g)  and  230°C  (-60  J/g). 
The  major  endotherm  observed  at  104°C  (+78  J/g)  corresponds  to  melting  of  the  dinitramide 
salt.  A  smaller  endotherm  was  also  observed  at  B5°C  (+4.2  J/g).  The  TGA  trace  showed  no 
mass  loss  at  this  point,  and  the  exotherm  is  possibly  due  to  a  crystal  phase  change.  Hot  stage 
microscopy  clearly  showed  internal  fracturing  of  the  crystal  stracture  from  86.0°C  until  onset 
of  melting  at  100.3°C.  Two  thermal  decompositions  with  a  total  mass  loss  of  28.3%  were 
observed,  corresponding  to  formation  of  the  metal  nitrate  salt.  A  melting  endotherm  was 
observed  at  330°C  (+295  J/g,  RbNOa  lit.  mp  310'’C). 
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Cesium  Dinitramide 

The  DSC  melting  point  endotherm  for  CsDN  appeared  as  two  overlapping  maxima  (8 1  and 
86°C)  rather  than  as  a  discrete  peak  (Figure  5).  Thermal  treatment  of  the  sample  at  100°C 
resulted  in  the  loss  of  the  first  maximum,  possibly  due  to  loss  of  occluded  (recrystallisation) 
solvent  molecules.  Melting  of  the  crystal  structure  onset  at  85.9°C  and  was  complete  at 
90.6°C.  A  complex  exotherm  was  seen  at  218°C  (-209  J/g)  with  a  corresponding  24.0%  mass 
loss.  A  sharp  endotherm  for  the  CsNOj  melt  was  seen  at  386°C  (+48  J/g,  CsNOs  lit.  mp 
414°C). 

A  summary  of  the  metal  dinitramide  mass  losses  and  decomposition  product  melting  points  is 
presented  below  (Table  2). 


TABLE  2.  Metal  Dinitramide  Decomposition  Data 


MDN 

Melting  point  (MNO3)  (°C) 

Mass  loss  (%) 

DSC 

Literature 

TGA 

Theoretical 

LiDN 

- 

264 

40.2 

39.0 

NaDN 

291 

307 

38.1 

34.1 

KDN 

319 

334 

30.2 

30.3 

RbDN 

330 

310 

28.3 

23.0 

CsDN 

386 

414 

24.0 

18.4 

With  the  exception  of  LiDN  which  did  not  show  a  melting  endotherm  for  the  nitrate,  the 
dinitramide  salt  residues  displayed  melting  endotherms  which  approximated  the  literature 
values  for  the  corresponding  metal  nitrates.  RbDN  unexpectedly  gave  a  melting  point  20°C 
higher  than  the  literature  value  which  cannot  be  explained  at  this  time.  Percentage  mass  losses 
measured  by  TGA  matched  those  expected  for  the  formation  of  MNO3  from  the  dinitramide, 
with  differences  between  the  measured  and  stoichiometric  mass  losses  in  the  range  0.1  -  5.6%. 

Mass  spectral  analysis  of  the  metal  dinitramide  salt  residues  confirmed  the  presence  of  the 
nitrate  anion  with  no  detectable  dinitramide  ion.  X-ray  diffractometer  (XRD)  traces  were 
recorded  for  the  five  decomposition  residues  (Figure  6).  In  each  case  the  only  crystalline  phase 
identified  corresponded  to  the  metal  nitrate.  Failure  to  detect  any  other  significant  crystalline 
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phases  (such  as  nitrites,  nitrides  or  hydroxides)  suggests  that  the  formed  nitrate  salts  are 
essentially  pure.  Nevertheless,  one  strong  peak  in  the  potassium  sample  at  3.3 12A  (20=26.9  *) 
has  yet  to  be  identified,  although  all  other  notable  peaks  within  the  trace  have  been  matched  to 
the  nitrate. 


SUMMARY 

A  hazard  assessment  of  the  alkali  metal  dinitramide  salts  of  lithium,  sodium,  potassium, 
rubidium  and  cesium  demonstrated  that  all  five  salts  were  insensitive  to  mechanical,  and  in 
most  cases,  to  electrostatic  stimuli.  They  are,  however,  thermally  unstable  and  capable  of 
being  ignited  at  moderate  temperatures.  Evolved  gas  quantities  are  significant  under  mild 
vacuum  stability  test  conditions  and  hence  use  of  these  materials  in  sealed  stores  is 
questionable. 

All  five  salts  thermally  decompose  to  their  respective  metal  nitrate  salts.  Despite  similarities 
in  both  starting  and  end  compounds,  however,  the  complex  DSC  traces  clearly  indicate 
different  thermal  behaviour.  While  there  may  be  similarities  in  the  decomposition  pathways,  it 
is  clear  that  all  five  would  require  a  separate  detailed  study  to  examine  the  decay  mechanism. 
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FIGURE  1.  DSC  Trace  ofLiDN.xHiO. 


FIGURE  2.  DSC  Trace  ofNaDN. 
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FIGURES.  DSC  Trace  of  CsDN. 
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FIGURE  6.  X-ray  diffractometer  traces  of  decomposed  metal  dinitramide  salts,  with  the 
peaks  matching  the  corresponding  nitrate  salts  indicated  (Y). 
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Decomposition  mechanism  of  dinitramid  salts. 
Anomalous  decomposition  of  dinitramid  metal  salts  and 

AMMONIUM  SALT  IN  THE  SOLID  PHASE 
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Thermal  decomposition  of  dinitramide  salts,  the  new  class  of  highenergetic 
explosives,  are  investigated.  Thermal  decomposition  of  dinitramid  onium  salts 
proceeds  via  the  dissociative  mechanism  when  pKa  of  the  base  is  lower  than  5.0 
and  via  the  monomolecular  decay  of  the  anion  at  pKa>7.0.Going  from  the  melt 
to  the  solid  state,  the  reaction  mechanism  does  not  change(excluding  ammonium 
salt),  and  the  rate  decreases  by  1-2  orders  of  magnitude.  Unusual  regularities 
are  observed  for  decomposition  of  ammonium  salt  and  metal  salts  in  the  solid 
phase:  the  solid  phase  reaction  is  10-1  O'*  times  faster  than  that  in  the  melt,  its 
rate  has  a  sharp  peak  in  the  region  of  eutectics  melting  with  the  decomposition 
product(metal  or  ammonium  nitrate),and  it  is  instantly  inhibited  by  water 
vapor.In  the  inhibited  regime,  the  rate  in  the  solid  phase  is  lower  than  that  in  the 
liquid  phase.  No  anomalous  effects  inherent  in  dinitramide  ammonium  salt  and 
metal  salts  in  the  solid  phase  are  observed  during  decomposition  of  onium  salts. 

The  dinitramide  salts  were  synthesized  at  1971'  .  The  ammonium  salt  (ADNA), 
NH4''’N(N02)2‘  is  prospective  highenergetic  oxidant  for  ecologicy  pure  solid 
roket  propellants.  At  the  same  time  reseach  the  thermal  decomposition  of  ADNA 
was  initiated  by  ICPC  RAS.  As  one  of  the  result  of  the  above  research  in  1972 
it  was  found  that  the  reaction  rate  in  vacuum  increases  while  changing  from 
melted  to  the  solid  state,  unlike  the  usually  observed  dicreasing  of  the  reaction 
rate  for  inorganic  salts  in  the  same  conditions. 

The  maximum  increase  of  the  reaction  rate  is  observed  at  the  melting  point  of 
the  ADNA  and  the  reaction  product  NH4NO3  eutectic  mixture(Fig.8).  This 
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phenomenon  was  called  the  anomalous  decay.  Such  ADNA  behaviour  occurs 
due  to  drying  out  of  the  substance  crystalls.  Addition  of  water  vapour 
immediately  terminates  decompositioning  of  the  substance.  Similar  impact  on  the 
reaction  can  be  caused  by  NHs.  CH3OH,  CH3C(0)CH3,  NO,  N2O,  CH3J 
although  the  effectiveness  will  be  much  less.  To  understand  the  nature  of  such 
unordinary  reaction  a  detailed  research  of  other  salts  of  dinitramide  was 
undertaken.  Thermal  decomposition  of  metal  and  onium  salts  in  liquid  and  solid 
states  was  widely  studied.  The  results  are  published^-^.  DNA  salts  were 
synthesized  according  to  the  described  procedures^  ’. 

The  products  were  additionally  purified  by  repeated  recrystallizations  from 
suitable  solvents  and  dried  in  soft  conditions.  These  procedures  rapidly 
decreased  the  water  content  to  0.2  -  0.4%,  after  which  the  drying  process  was 
sharply  retarded.  More  drastic  drying  conditions  down  to  0.05%  H2  O  (60’-70®C, 
vacuum)  are  accompanied,  as  a  rule,  by  the  partial  decomposition  of  the 
substance.  Lithium  and  barium  salts  were  sinthesized  as  lowmelting  crystal 
hydrates.  They  were  dehydrated  to  0.5%  H2  O  by  drying  over  P2O5  at  20°  C  in 
vacuum  (lO-^  Torr). 

The  decomposition  rate  was  measured  by  manometric  or  gravimetric  methods. 
The  products  were  analyzed  by  G  LC,  mass-spectrometry,  spectrophotometry. 
Metal  salts 

The  metal  salts  with  Li+  ,  Na"^,  K+  ,  Rb+  ,  Cs+,  Ba'^+  cations  were  investigated. 
The  products  composition  of  metal  salts  conversion  is  simple  and  constant  at 
different  temperatures  and  reaction  stages:  solid  salts  yield  1  mole  of  N2O 
MeN(N02)2-  =  N2  O  +  MeNOs 

(barium  salt  -2mole  N2O)  and  liquid  salts  give  1  mole  of  NO  +  0.5  mole  of  N2O 
Me  N(N02  )2  =  no  +  O.5N2O  +  0.5MeNO2  +0.5  MeNOs . 

This  fact  allows  one  to  obtain  rate  onstants  from  the  initial  regions  of  kinetic  gas 
evolution  curves  with  a  high  accuracy.  Decomposition  of  solid  salts  in  a  vacuum 
of  0. 1  Torr  (permanent  pumping  out)  and  in  an  atmosphere  of  moist  air  or  at  a 
pressure  of  neat  water  vapor  of  10-15  Torr  was  monitored  by  a  thermobalance. 
In  the  last  two  cases,  the  reactions  are  slow,  and  the  manometric  procedure, 
which  is  more  sensitive  than  weighing,  was  used  to  study  the  reaction.  Due 
to  the  fast  escape  of  residual  water  vapor,  the  conditions  of  decomposition 
in  closed  vessels  correspond  to  the  decomposition  in  atmosphere  of  moist  air. 
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Rate  constants  of  the  liquid-phase  decomposition  at  100°C  were  estimated  to 
compare  decomposition  rate  constants  in  the  solid  phase  and  in  the  melt.  The 
extrapolation  of  data  on  decomposition'®  in  the  melt  was  used  for  Li,Na,Rb,Cs 
salts.  In  addition,  the  decomposition  rates  of  RbN(N02)2  in  a  low-  melting 
eutectic  mixture  with  rubidium  nitrate  were  measured  directly  at  100°C.  For  the 
barium  salt,  the  parameters  of  the  liquid-phase  decomposition  were  determined 
from  the  decomposition  of  10-25mol.%  solutions  of  Ba++  ions  in  liquidKN(N02)2. 
Ba''"''  ions  were  introduced  into  KN(N02)2  as  barium  nitrate.  The  observed 
rate  constant  of  the  decomposition  of  this  mixture  is  described  by  the  equation 
kobs  =  k{K-'-)/[l  +(  m2Mi/  mi  M2 )]  +k(Ba2+)/  [  1  +  (miM2/m2Mi)], 
where  m  is  the  weighted  sample  and  M  is  the  molecular  weight;  index  1  refers  to 
KN(N02)2  and  index  2  refers  to  Ba(N03)2 .  The  k(K''' )  value  was  used  for  the 
calculation  of  k(Ba2+ )  from  kobs .  The  liquid  metal  salts  in  the  doused  vessels  in 
vacuo  are  decomposed  in  according  to  equation  of  the  first  order. 

The  complete  kinetic  curves  and  initial  regions  of  the  mass  loss  curves  for  the 
decomposition  of  the  solid  RbN(N02)2  and  CsN(N02)2  in  vacuum  of  10-' 
Torr  at  different  temperatures  are  presented  in  Figs.  I  -  4.  The  reactions  are 
characterized  by  a  pronounced  acceleration,  which  is  typical  of  topochemical 
processes,  and  a  very  strong  retention  (this  phenomenon  appears  as  follows:  after 
the  process  is  complete,a  considerable  portion  of  the  starting  compound  remains 
unconsumed).  The  rate  peaks  are  observed  in  points  of  eutectic  melting  on  the 
Arrhenius  dependences  of  the  rate  constants  (Fig.5).  The  formation  of  eutectics 
of  DNA  salts  and  the  corresponding  nitrates  was  studied  by  differential 
scanning  colorimetry.  Rubidium,  cesium,potassium,  guanidinium  sailts  and 
ADNA  give  these  eutectics  with  m.p.  84.5,  81.5,102, 106,  and  62®C  respectively. 
Other  metal  salts  have  the  same  character  of  decomposition  as  RbN(N02)2  and 
CsN(N02)2  but  they  do  not  give  eutectic  mixtures  with  products  and  have  no 
breaks  on  the  temperature  dependences  of  the  rate  constants  (Fig.  5).  Thus, 
like  ADNA,  apparent  effect  of  anomalous  decay  are  observed  for  all  metal  salts. 
Other  onium  salts,guanidinium  salt  included(Fig.5)  manifests  no  specific 
features  of  solid-phase  decomposition.  The  rates  in  vacuum  and  in  air  are  equal 
(Table  2).  For  guanidinium  salt  no  increase  in  the  rate  is  observed 
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Fig.  1.  Decomposition  of  RbN(N02)2  in  vacuo.  T/0C:I-50;2-60;3-70;4-80;5-82; 
6-84,5;7-90.  Moments  of  injection  of  moist  air  are  markedby  circles.  Dotted  lines 
show  the  continuation  of  kinetic  curves  after  injection  of  air. 


Fig.  2.  Initial  regions  of  kinetic  curves  presented  in  Fig.  1.  Numbers  of  eurves 
coincide. 

(Fig.  5)  at  the  point  of  eutectic  melting  with  guaniclinium  nitrate  (106°  C). 
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Fig.  3.  Kinetic  curves  of  decomposition  of  CsN(N02)2  in  vflCMo.T/0C:l-60.7;2-70; 
3-75;4-80,3;5-81.5;6-84.5.  The  moinent  of  injection  of  lOTorr  of  H2  O  is  marked 
by  the  circle. 


Fig.  4.  Initial  regions  of  curves  presented  in  Fig.  3.  Numbers  of  curves  coincide. 
The  retention  effect  can  be  explained  by  one  reason:  localization  of  the  reaciion 
on  the  surface  and  nonequilibrium  defects  of  the  crystal  lattice.  After 
"working  out"  or  "recovering"  of  defect  regions  by  covering  them  with  the 
product  layer,  the  reaction  is  stopped. 
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Fig.  5.  Temperature  dependences  of  rate  constants  of  decomposition  of 
DNA  salts  in  the  solid  phase.  Symbols  near  curves  correspond  to  cations;  Gu 
is  guanidinium,  I-  reaction  in  vacuo',  2-decomposition  inhibited  by  water  vapor. 
It  can  be  reinitiated  by  simple  grinding  of  partially  decomposed  crystals.  The 
reaction  is  stopped  at  the  early  stages  at  temperatures  higher  than  the  eutectic 
melting  point,  because  the  reaction  centers  begin  to  melt. 

It  can  be  seen  from  Table  1  that  the  ratio  of  decomposition  rate  constants  in  the 
solid  and  liquid  phases,  ks/ki  varies(at  lOOOQ  froml0{(LiN(NO2)2,  Ba[N(N02)2]2} 
to  10'*  (NaN(N02)2 ).  The  specific  feature  of  all  metal  salts  and  ammonium  salt  is 
the  inhibition  of  ihe  solid-phase  reaction  by  water  vapor  (Figs.  1,3,8,  Table  1,2). 
The  addition  of  10-15  Torr  of  water  vapor  at  any  stage  of  decomposition 
immediately  stops  the  reaction.  The  injection  of  moist  air  acts  in  the  same 


manner. 
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Table  1.  Kinetic  parameters  of  decomposition  of  dinitramide  salts 


Cation 

M.p.  of 

State 

AT 

E 

IgA 

klO  5/s-i 

k/s-> 

salt/®  C 

«C 

kcal/mol 

S'l 

(160»C) 

(100»C) 

Li+ 

158 

Melt 

(36.0)“ 

(15.0) 

67>> 

8.1x10-7 

S.(0  !)<= 

62-120 

26.0 

10.0 

5.7x10-6 

S.  (760) 

60-98 

40.6 

17.3 

3.2x10-7 

Na+ 

111 

Melt 

(38.0)“ 

(15.0) 

6.4b 

5.4x10-7 

S.(O.l) 

30-50 

40.0 

22.0 

3.6x10-2 

S.  (760) 

70-80 

46.0 

21.4 

2.7x10-6 

K 

127 

Melt 

130-  190 

39.5 

15.1 

1.4 

8.9x10-9 

S.  (0.1) 

80  -  100 

26.6 

10.3 

5.1x10-6 

S.  (760) 

80  -  100 

41.0 

15.6 

3.7x10-9 

Rb+ 

108 

Melt 

(39.6)“ 

(15.0) 

1.0b 

6.2x10-9 

Melt 

130-170 

40.1 

15.3 

1.1 

6.3x10-9 

Eutect. 

100 

6.1x10-9 

with 

RbNOs 

S.(O.l) 

50  -  100 

20.0 

6.6 

7.6x10-6 

S.  (760) 

70  -  102 

38.0 

12.8 

3.4x10-10 

Cs+ 

88 

Melt 

(39,2 )“ 

(15.0) 

1.62b 

1.0x10-8 

S.(O.l) 

60-85 

13.0 

3.0 

2.4x  1 0-5 

S.  (760) 

70-80 

39.0 

14.7 

6.9x10-9 

Ba+ 

Solution 

160-  180 

50.0 

20.8 

3.2 

2.8x10-9 

in  KN 

(N02)2 

S.  (0.1) 

80  -  100 

47.3 

20.5 

5.6x10-8 

Note. "  Calculaited  trom  the  k  values  at  IbO^C  presented  in  Ref  10  assuming  that 
logA/s  has  the  value  15,0  typical  of  alkaline  salts.  *  Data  in  ref  10. 

‘  Air  pressure  (Torr)  above  the  sample. 

NHsjNO,  N2O,  and  acetone  or  methanol  vapor  also  retard  the  decomposition, 
but  considerably  more  weakly  than  water  vapor.  In  closed  vessels  at  an  initial 
pressure  of  lO  'Torr,  the  reaction  occurs  rapidly  at  first  as  in  vacuum  but  is 
stopped  as  N2  O  is  accumulated  and  residual  water  vapor  escapes. 
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The  strong  effect  of  water  vapor  suggests  that  decomposition  is  possible  only  in 
dry  layers  of  the  substance,  and  its  rate  depends  on  the  degree  of  preliminary 
drying  and  conditions  of  removing  residues  of  the  solvent  and  gaseous  products. 
Tlie  lithium  and  barium  DNA  salts,  which  have  the  smallest  k  s  /  ki  ratios,  were 
obtained  from  crystal  hydrates  and,  perhaps,  the  residual  moisture  retards  their 
decomposition  in  vacuo  at  the  initial  stages.  These  compounds  have  the 
maximum  degree  of  acceleration  (which  can  be  related  to  the  water  loss),  and  at 
the  acceleration  stage,  their  ks  /ki  values  become  equal  to  those  of  other  salts. 

The  water  vapor  inhibited  decomposition  of  metal  salts  in  the  solid  phase  has  a 
lower  rate  than  that  in  the  melt.  Its  parameters  are  presented  in  Tab  1  e  1 . 

Onium  salt. 

It  was  studied  DNA  salts  :  hydrazinium  ( 1),  binary  ethylenediammonium  (2), 
trimethylammonium  (3),  guanidinium  (4),  anilinium  (5),  binary  o- 
henylenediammonium  (6),  tetramethylammonium  (7),  tetra(n-butyl)  ammonium 
(8)  and  ADNA  (9)salts.  The  salts  were  selected  in  such  a  way  that  the 
decomposition  rates  in  the  solid  and  liquid  phases  could  be  measured  for  the 
same  object  (2, 4, 8  and  9 ),  the  solid  phase  reaction  could  be  carried  out  in  vacuo 
and  in  an  atmosphere  of  air  (difficultly  volatile  compound  2, 4, 7,  and  8),  the 
effect  of  additives  of  the  free  base  on  the  rate  could  be  studied  for  strong  and 
weak  amines  (2, 3, 5  and  9),  and  the  rate  constants  could  be  correlated  with  pKa 
of  the  base  of  the  cation  in  a  wide  range  of  pKa  (1  -  6, 9).  Based  on  these  data,  we 
can  make  conclusions  on  the  mechanism  of  decomposition  and  anomalies  of  the 
solid  phase  reactions. 

The  kinetics  of  decomposition  in  the  liquid  phase  (meit)  was  studied 
manometrically.  The  reactions  of  l,3,4-7  occur  according  to  a  first-order 
equation  (Fig.  6).  Weak  acceleration  is  observed  for  compounds  8  and  2 
(after  50%  decomposition),  and  very  strong  acceleration  is  observed  for 
compound  3.  The  ADNA  decomposition  occur  according  to  a  fist-order 
eguation  when  the  free  volume  is  large  (  m/v  <  0,04  g/cm  ^ ).  If  the  free  volume  is 
small  (m/vf  >  0,01  g/cm^)  the  strong  acceleration  occurs  the  temperature  interval 
of  95-120  “C.  In  the  case  of  the  reactions  with  acceleration,  the  first-order  rate 
constant  (k)  for  the  initial  stage  was  calculated  from  the  time  of  achieving  1% 
decomposition.  The  volume  of  gaseous  products  at  the  end  of  the  reaction 
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AVoo  (cm^/g  i)  brought  to  normal  conditions  (0®C,  760Torr)  was  accepted 
to  be  100%.  For  all  other  substnces,  AVoo  depends  slightly  on  temperature 
(within  10%),  and  the  use  of  average  AVoo  values  (presented  in  Table  2)  does 
not  introduce  substantial  errors  to  the  calculation  of  K. 

Table  2.  Kinetic  parameters  of  decomposition  of  onium  dinitramide  salts 


Com-  M.p. 

.  pK2 

State' 

AT 

E  1 

logA  Kxl05  Ki/Ks  AV 

pound  PC 

of 

(p/Torr)'’  PC  kcalmol' 

/s' 

Is-' 

/cm^g-i 

base 

(160 ’C)  (160 'C) 

1 

80 

8.1 

I 

140-  180 

36.0 

17.70 

33.0 

. 

820 

2 

126 

10. 1 

1 

130  - 1  55 

35.0 

14.00 

21.0 

- 

500 

s  (0. 1) 

80  -  105 

41.6 

15.60 

0.4 

52.5 

- 

s  (760) 

80-  120 

41.6 

15.60 

0.4 

52.5 

- 

3 

131.5 

9.86 

I 

135-  165 

34.8 

14.00 

25.0 

- 

350 

4 

144 

13.6 

1 

150-170 

36.9 

15.00 

23.4 

- 

450 

s  (760) 

95  -  140 

40.0 

14.20 

0.1 

234 

- 

5 

99 

4.58 

1 

135-160 

32.0 

13.55 

245 

- 

420 

6 

118 

4.37 

1 

120-150 

30.0 

12.50 

224 

- 

500 

7 

230 

- 

s  (0.1) 

160  -  205 

39.6 

13.80 

0.06 

- 

590 

s (760) 

140-170 

38.6 

13.70 

0.16 

- 

8 

153 

- 

1 

160-180 

38.7 

14.60 

1.18 

- 

s  (0. 1) 

120-140 

39.6 

13.80 

0.06 

20 

306 

9 

93  9,30 

1 

95-  160 

35,5 

14,40 

28,8 

- 

620 

s  (ing)' 

40-  83 

33,6 

11,46 

0,3 

96 

s(anom)'‘  40-83 

- 

- 

- 

0,019 

“I  is  liguid,  s  is  solid.  '’The  air  pressure  in  in  the  reaction  vessel  is  shown  in 
parentheses.'’ "nonanomalous"  decomposition;''  anomalous  decay;' -at  60"  C. 

The  main  uncertainly  in  the  estimation  of  k  from  the  time  of  1% 
decomposition  is  related  to  a  possible  dependence  of  the  yield  of  gaseous 
products  on  the  degree  of  conversion. 
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Fig.  6.  Kinetic  curves  of  decomposition  ot  DNA  onium  suits  in  melt. 
Numbers  of  curves  correspond  to  numbers  of  compounds  at  the  temperature  of 
the  experiment  of  140  (2,  3, 5,  6),  150  (1, 4),  and  160  (8).  I  is  the  pure  sail, 

n  is  30  mol.%  of  the  free  base. 

However,  the  data  on  the  composition  of  the  products,  which  are  presented 
in  Tab.3,  suggest  that  these  changes  are  not  great.  The  AV<=o  value  can  be 
affected  by  the  pressure-dependent  reactions  of  gaseous  products  and 
dissolution  of  the  latter  in  the  condensed  phase.  To  standardize  these 
processes,  all  experiments  were  carried  out  at  the  same  degree  of  filling  the 
vessel  with  a  substance,  ml\[-  SxlO-'^gcm-^.  When  solid  salts  were  studied,  the 
thermogravimetric  procedure  in  a  constant  vacuum  (a  thermobalance  with  a 
sensitivity  of  0.  Img)  was  used  along  with  the  manometric  procedure.  In  the  case 
of  the  solid  ADNA  decomposition  the  rate  constants  were  obtaind  by  only 
manometric  method,  because  sublimation  is  observed  in  constant  vacuum.  The 
obtained  kinetic  parameters  of  the  decomposition  of  compounds  1-9  in  the 
melt  and  in  the  solid  phase  are  presented  in  Table  1.  The  decomposition 
products  of  salts  2, 4, 8  and  ADNA  were  analyzed.The  data  on  the  ratio  of 
light  gases  are  presented  in  Table  2.  The  condensed  residue  after  the 
decomposition  consists  mainly  of  nitrate  (but  not  nitrite)  uf  the  corresponding 
cation.  The  products  contoin  noticeable  quantities  of  the  free  base  and 
products  of  the  cleavage  of  cations  excluding  ADNA  decomposition 
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Table  3,  Composition  of  light  gases  for  decomposition  of  onium  saits 
Com-  State  T  ti(%)  Composition  of  light  gases  (%) 


pound 

PC 

N2+CO 

NO 

CO2 

N2O 

H2O 

NO2 

2 

1 

135 

15 

32 

- 

3 

56 

9 

s 

95 

0.1 

30 

2 

60 

8 

4 

1 

150 

50 

30 

2 

33 

35 

s 

120 

0.1 

28 

6 

20 

46 

8 

1 

160 

1.0 

25 

5 

6 

38 

26 

1 

180 

77 

28 

4 

8 

32 

28 

s 

140 

0.4 

30 

12 

8 

26 

24 

9 

1 

104 

1.0 

10(N2) 

90 

1 

170 

1,0 

26(N2) 

traces 

27 

45 

traces 

s(ing) 

80 

0,02 

10(N2) 

90 

s(anomal)60 

0,02 

100 

along  with  light  gases.  For  example,  in  the  case  of  4,  dicyan  is  formed,  and 
Me2NNO,  MeCN,  and  MeN02  are  formed  from  4.  The  maximum  amount 
of  organic  products  (less  than  40%)  is  fonned  from  compound  8.  At  all 
stages,  MeCN,  Bu"OH,  Bu"3N,  and  butene-I  are  observed. 

It  can  be  seen  from  Table  3  that  the  decomposition  rates  of  salts  1-4,9  are 
close  in  the  liquid  phase,  and  their  activation  parameters  are  typical  of  the 
decomposition  ot  metal  salts.  Compounds  5  and  6  decompose  10  times  more 
rapidly  and  compound  8  decomposes  considerably  more  slowly  than  salts 
1-4,9.  The  addition  of  a  free  base  does  not  affect  the  rate  of  decompos  ition 
of  the  salt  of  strong  base  3  and  decreases  considerably  the  decomposition 
rate  of  compound  5  (pKa,  of  aniline  is  less  than  5.0).  The  dependence  of  the 
rate  constants  of  decomposition  of  I-  6  on  pKa  of  the  base  (Fig.  2)  testifies 
that  when  pKa>  7  the  rate  is  independent  of  the  asicity  of  amine,  and  when 
pKa<5  a  sharp  increase  in  the  rate  is  observed.  These  data  allow  one  to 
conclude  that  the  mechanism  of  decomposition  of  DNA  onium  salts  depends  on 
pKa  of  the  saltforming  base. 


Fig.  7.  Dependence  of  the  rate  constant  of  decomposition  of  DNA  onium 
salts  at  160“C  on  pKaof  the  base.  Figures  near  points  correspond  to  numbers 
of  compounds  (Table  2). 


(1/T)  10® 


Fig.8  Temperature  dependence  of  rate  Constance  of  ADNA  decomposition 
1-(130-180);  2-(95-120)  °C;  3-anomals  decay  in  solid  state;  4-in  inhibited 
conditions. 
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When  pKa>7,  the  decomposition  occurs,  as  for  metal  salts,  via  the  cleavage 
of  the  N--N  bond  with  the  elimination  of  NO2,  and  when  pKa<5,  the  primary 
dissociation  of  the  salt  to  the  base  and  acid  predominates. 

For  the  monomolecular  decomposition  of  the  anion,  the  difference  from 
metal  salts  is  only  in  the  mechanism  of  secondary  reactions.  Instead  of 
the  disproportionation  of  the  O2  NN  •  radical  anion  (which  is  a  stronger 
nucleophile  than  N(N02)  2),  the  transfer  ot  proton  to  this  radical  anion 
followed  by  the  formation  of  the  free  base  is  possible.  Instead  of  the  oxidation 
of  O2NN  •  by  nitrogen  dioxide,  in  onium  salts  cations  are  oxidized.  In 
salt  8,  at  the  second  stage,  the  Hofmann  reaction  type  cleavage  of  the 
cation  occurs 

Bu"  3  N+(  CH2CH2C2H5 )  N  •  NO2 

8  ^  Bu"3N  +  HN.N02+CH2  =  CHCH2CH3. 

On  going  from  the  melt  to  the  solid  state,  the  mechanism  of  the  reactions  for 
1-8  remains  unchanged:  the  composition  of  the  products  is  retained,  the 
activation  energy  changes  slightly,  and  the  decomposition  rates  in  vacuum  and 
in  air  are  equal  to  one  another  and  lower  that  those  in  the  melt.  It  is  impossible 
to  eliminate  that  ADNA  decomposition  occur,  at  least  in  part  (not  more  50%),  by 
salt  dissociation  way 

NH4N(N02)2  ->  NH3  +  HN(N02)2 

The  facts  such  as  a  kinetic  isotop  effect  (Kh/  K  d  at  98  ®  C)  in  the  experiments 
with  ND4  N(N02)2  ,  the  inqibition  of  initial  stage  in  presence  of  NH3  or  by 
strong  bases  like  urotropin  and  the  sublimation  in  constant  vacuum  were 
indicated  of  it. 

Thus,  the  anomalous  decomposition  is  not  inherent  in  onium  salts  1-8. 

The  rate  of  ADNA  decompositionin  the  solid  state  increases  in  closed  vessel 
(initial  pressure  0,01  Torr)  or  in  inert  atmosphere  ( N2  ,dry  air)  when  the  water 
content  in  the  samples  less  than  0.01%  H20.The  single  gas  product  is  N2O  in  this 
case.The  large  peac  of  rate  is  observed  at  melting  point  (OO^C)  of  eutectic  mixture 
with  solid  reaction  product  NH4NO3. 

The  phenomenon  of  anomalous  decomposition,  as  can  be  assumed,  is  related  to 
changes  in  the  structure  of  the  DNA  anion  on  going  from  the  melt  to  the 
solid  state. 


25  -  14 


The  anion  in  the  crystal  can  have  a  structure  with  a  nonsymmetric 
charge  distribution  and  nonequivalent  nitro  groups.  It  is  reasonable  to  expect, 
that  these  anions  have  an  inereased  reactivity,  in  particular,  their  thermal 
stability  can  change. 

A  new  reaction  chanal  fast  elimination  of  NO3  with  ejection  of  N2  O  is  opened. 
The  hidrogen  bond  between  anion  and  H-  containing  cations  or  direct 
solvatation  by  H2  O  molecules  and  some  other  dipols  decreasis  the  anion 
polarisation.  These  even  electron  assimetry  of  anion  and  prevent  intermolecular 
regrouhing.  Local  restructuring  of  cristall  lattice  occurs  while  nucleous  of  eutectic 
fase  are  bom.  Tensions  and  new  defects  occur  in  cristall.  It  can  affect  the  rate  in 
case  the  reaction  on  the  surface  goes  faster  than  in  the  cristall  s  volume. 

Thus,  it  may  occur  in  case  of  unhibited  by  water  the  metal  salts  and  ADNA 
decomposition.  It  is  necessary  to  accept  that  the  birth  of  eutectic  is  folloued  by 
the  destruction  of  hidrogen  bonds. 
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Stabilitatsuntersuchungen  einbasiger  Treibiadungspulver 
-  Mikrokalorimetrie  im  Grenzbereich  - 

UIdis  Ticmanis,  Gabriele  Pantel,  Lutz  Stottmeister 

Wehrwissenschaftliches  Institut  fQr  Werk-,  Explosiv-  und  Betriebsstoffe  (WIWEB), 
ASt  Heimerzheim,  GroBes  C^t,  D-53913  Swisttal 


Kurzfassung 

ScMtzungen  der  Einsatzlebensdauer  aus  dem  Stabilisatorabbau  bei  isothermer  Lagerung  und 
aus  WarmefluBmessungen  wurden  an  vier  einbasigen  Treibladungspulvem  (TLP)  verglichen. 
Bei  beiden  Methoden  miissen  Schatzflinktionen,  die  zwei  unterschiedliche  Werte  der  Aktivie- 
rungsenergie  enthalten,  eingesetzt  werden.  Bei  Wahl  gleicher  Referenzpunkte  (Mindestgehalt 
des  Stabilisators,  Zeitdauer  der  WarmefluBmessungen  bei  der  hSchsten  MeBtemperatur)  wer¬ 
den  vergleichbare  Voraussagen  erhalten.  Ein  Nachteil  der  Stabilisatormethode  ist  die  sehr  lange 
Lagerdauer. 


Abstract 

The  assessment  of  service  life,  based  on  stabiliser  consumption  after  isothermal  storage  and  on 
heat  flow  calorimetry  are  compared  using  four  single  base  propellants.  Both  methods  demand 
kinetics  containing  two  different  values  for  the  activation  energy.  If  equal  reference  points  (to¬ 
lerable  stabiliser  content,  time  of  heat  flow  measurements  at  the  highest  temperature)  are  selec¬ 
ted,  both  methods  lead  to  comparable  results  of  the  service  life.  The  stabiliser  consumption 
method  demands  long  storage  times. 


1  Einleitung 

Lebensdauerprognosen  von  TLP  basieren  meist  auf  der  Bestimmung  des  Stabilisatorgehalts 
und  seiner  Reaktionsprodukte  nach  Isothermlagerungen  mit  nachfolgender  kinetischer  Aus- 
wertung  der  Resultate.  Eine  derartige  Arbeitsvorschrift  ist  auch  in  der  STANAG  4527  [1] 
festgeschrieben.  Ein  nicht  zu  beseitigender  Nachteil  dieser  Methoden  ist  die  lange  Untersu- 
chungsdauer,  da  signifikante  Abbaugrade  des  Stabilisators  bei  moglichst  niedrigen  Lagertem- 
peraturen  erreicht  werden  mftssen.  Dieses  Zeitproblem  durfte  sich  zukiinftig  noch  betrSchtlich 
vergroBem,  weil  grundlichere  Untersuchungen  [2,3]  gezeigt  haben,  daB  die  Abbaukinetik  mit 
einem  einfechen  Arrheniusansatz  nur  hdchst  ungenugend  beschrieben  werden  kann.  Daher  soil 
die  o.g.  STANAG  um  die  schnellere  Methode  WarmefluBkalorimetrie  (WFK)  ergSnzt  werden. 
In  dieser  Arbeit  werden  die  Ergebnisse  beider  Verfehren  bei  der  Untersuchung  einbasiger  TLP 
verglichen. 


2  Autokatalyse,  chemische  und  ballistische  Lebensdauer 

Die  WFK-Methode  erfordert  das  Messen  in  luftdicht  geschlossenen  GefiBen.  Die  Alterung 
kann  jedoch  als  munitions-Squivalent  betrachtet  werden,  so  daB  der  Zwang  der  Methode  ge- 
gentiber  den  ublichen  „lose  verschlossenen“  MeBanordnungen  ein  VorteU  ist.  Sowohl  der  Grad 
der  Autokatalyse  als  auch  die  Wirkung  des  Stabilisators  wird  -  zumindest  fur  geschlossene  Sy- 
steme  -  unangemessen  ilberschatzt.  Eine  WFK-Messung  ttber  8  Tage  an  einem  DPA-stabili- 


27-2 


sierten  imd  einem  unstabiUsierten  einbasigen  TLP  sonst  gleicher  Rezeptur  zeigt  keine  nennens- 
werten  Unterschiede  im  WarmefluB  (Abb.  1). 

Bins  unserer  Modellpulver  erreicht  bei  einer  Langzeitmessung  nach  25  Tagen  bei  80°C  einen 
maximalen  WSnnefluB  von  etwa  50  pW/g,  nach  38  Tagen  wird  ein  Energieverlust  von  1 13  J/g 
(ca.  6  %  der  totalen  Zersetzungswarme)  erreicht,  ein  Zustand,  der  hbchstwahrscheinlich  zu 
merklichen  Funktionsverhisten  flihren  wttrde,  andererseits  im  RealM  kein  Sicherheitsrisiko  be- 
inhaltet.(  Abb.2 )  Der  kritische  Durchmesser  eines  auf  66°C  erwarmten  Zylinders  aus  diesem 
TLP  wird  nach  Frank-Kamenetzkii  [4]  auf  noch  46  cm  geschatzt  (Eingabedaten  s.  Tabelle  1). 


Abb.  1.  Vergleich  eines  einbasigen  DPA-stabilisierten  TLP  mit  einem  nicht  stabilisierten  TLP 


Tab.  1:  Eingabedaten  zur  Ermittlung  des  kritischen  Durchmessers  eines  stabilisierten  TLP 


Aktivierungs- 

energie 

vorexponen- 
tieller  Faktor 

Schuttdichte 

Radius 

Warmeleit- 

&higkeit 

geometrischer 

Faktor 

[kJ/mol] 

[W/kg] 

[kg/nP] 

[m] 

[W/(m-K)] 

- 

124,4 

1,6E17 

800 

0,46 

0,127 

2,00 

In  Relation  zu  einem  extrem  autokatal)4isch  reagierenden  unstabilisiertem  Pulvervorkonzentrat 
(PVK;  85  %  Ngl,  15  %  Nc)  „verschwindet“  das  TLP  (Abb.  3).  Als  Referenz  unserer  (sehr  kon- 
servativen)  WFK-Prognosen  wurde  der  Zustand  des  Minimiuns  (Abb.  2)  gewahlt,  die  Ublicher- 
weise  vorgegebenen  Minimalgehalte  des  Stabilisators  [5]  findet  man  jedoch  eben&Us  in  der 
Nahe  dieses  Belastungsbereichs.  Der  Abbrand  im  WFK-Minimum  belasteter  TLP  in  der  mano- 
metrischen  Bombe  ergibt  keine  signifikanten  Unterschiede  im  Vergleich  zu  unbelasteten  Pro- 
ben  (Abb.  4),  so  daB  man  auch  auf  unveranderte  ballistische  Eigenschaften  schlieBen  kann. 


2' 


3 


Abb.  3.  Vergleich  der  WarmefluBmessungen  von  Pulvervorkonzentrat  und  einbasigem  TLP. 
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Der  Diskussion  kurzer  Sinn;  Unsere  Prognosen  beziehen  sich  nicht  auf  die  (sehr  lange  bis  un- 
endliche)  Sicherheits-  oder  chemische  Lebensdauer,  sondem  dienen  eher  einer  vorsichtigen 
Schatzung  der  ballistischen  Lebensdauer.  Diese  Betrachtung  ist  fiir  einbasige  TLP,  bei  denen 
DifKisionsvorgange  keine  RoUe  spielen,  berechtigt  [6]. 


3  Untersuchungsmaterial  und  -utnfang 

Die  Rezepturen  der  untersuchten  TLP’s,  deren  Bezeichnungen  auf  Wunsch  des  Aniieferers  zu 
A,  B,  C  und  D  anonymisiert  warden,  sind  in  Tabelle  2  zusammengestellt. 


Tab.  2:  Rahmenrezepturen  der  untersuchten  TLP’s  nrit  Angabe  des  Herstellungsjahrs 


a)  Rest  zu  100  %.  b)  Es  sind  auch  in  unbelasteten  Proben  geringe  Anteile  an  NNODPA  enthalten  (Tab.  5). 


27-5 


TLP  C  wurde  -  utn  es  in  die  ProbengefiBe  ^en  zu  kdnnen  -  mittels  einer  SchneidmiiWe  und 
Siebung  auf  Komgrdfien  von  0,5  bis  2  mm  zerkleinert.  Das  Rbhrenpulver  D  wurde  auf  LSngen 
von  ca.  2  mm  geschnitten.  TLP  A  und  B  wurden  im  Originalzustand  (d.h.  unzerkleinert) 
imtersucht. 

Die  TLP  wurden  in  Glasampullen  (ca.  3  ml  Volumen)  des  TAM-Kalorimeters  eingefiillt  und 
dicht  verschlossen.  Die  Proben  wurden  in  dieser  Form  bei  80°C,  70°C,  60°C  und  50°C  einge- 
lagert,  in  vorgeschStzten  ZeitabstSnden  entnommen  und  nach  folgendem  Schema  untersucht: 

•  Bestimmung  des  Diphenylamins  (DP A)  und  seiner  Abbauprodukte  mittels  HPLC 

•  WFK-Messung  an  einer  Parallelprobe  bei  der  Einlagertemperatur  („Serie  1“) 

•  Folgemessung  an  derselben  Probe  bei  80°C  bis  zum  WarmefluBminimum  (vgl.  Abb.  2, 
„Serie  2“) 

Zur  Ermittlung  der  Arrheniusparameter  wurden  WFK-Messungen  an  unbelasteten  Proben  bei 
MeBtemperaturen  von  80°C  bis  40°C  durchgefUhrt  („Serie  3“). 


4  WarmefluBmessungen 

Aufgnmd  der  Anderung  der  Zersetzungskinetik  im  Bereich  zwischen  50°C  und  60°C  ist  es  er- 
forderlich,  die  WFK-Messungen  der  Serie  3  mdglichst  auch  noch  bei  40‘’C  durchzuftihren,  Bei 
dieser  Temperatur  liegt  der  WarmefluB  einbasiger  TLP  mir  noch  bei  ca.  0,1  pW/g  (bzw.  bei 
einer  Probenmenge  von  ca.  3  g  bei  0,3  pW  absolut).  Solche  Minimalstrbme  kOnnen  nur  unter 
Beachtung  besonderer  MaBnahmen  er&Bt  werdea 

Unentbehrlich  ist  eine  Grundlinienkontrolle  wahrend  des  mehrere  Tage  dauemden  Versuchs. 
Daflir  werden  ftr  das  TAM-Kalorimeter  zwei  Verfehren  vorgeschlagen  [7].  Bei  der  Parkposi- 
tions-Technik  werden  Proben-  und  Referenzampulle  aus  dem  MeBbereich  hochgezogen, 
verbleiben  jedoch  auf  Versuchstemperatur.  Somit  wird  die  Basislinie  ,J.uft/Luft“  gemessen.  Bei 
der  Switch-Technik  werden  Probe  und  Referenz  vertauscht,  wobei  die  Basislinie  zwischen 
dem  oberen  und  unteren  WSimefluBniveau  liegt  (Abb.  5).  Wir  halten  die  Switch-Methode 
generell  fUr  zuverldssiger  und  nehmen  die  iSngeren  Einstellzeiten  in  Kauf. 


Die  Glasampullen  werden  mit  einer  Dichtungsscheibe  und  einem  darttber  kragenden  Metall- 
deckel  abgedichtet.  Nach  Einschrauben  des  Haltehakens  ist  die  Oberseite  der  Dichtscheibe  ge- 
gen  die  Atmosphare  oflFen,  wobei  flUchtige  Bestandteile  der  Scheibe  verdan^)fen  kOnnen  und 
somit  in  Relation  zur  MeBgrdBe  groBe  endotherme  EflFekte  auftreten.  Dies  ist  in  Abb.  6  anhand 
einer  Messung  ,J^rampulle  mit  Scheibe"  gegen  eine  Messimg  ,T^eranq)ulle  ohne  Seheibe" 
(nm  mit  dem  Metalldeckel  verschlossen)  demonstriert.  Der  EfFekt  laBt  sich  durch  mehrwdchi- 
ges  Vorlagem  der  Scheiben  bei  S0°C  beseitigea 


Abb.  5.  Messungen  eines  kombinierten  Switch-Parkpositions-Experiments 


Abb.  6.  Messungen  einer  nicht  vorkonditionierten  MeBampuUe  (endothermes  Signal  durch 
Verdunstung  fluchtiger  Bestandteile  aus  der  Dichtung) 

Die  Notwendigkeit  einer  guten  Regelung  der  Raumtemperatur  veranschaulicht  Abb.  7. 
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Abb.  7.  Messungen  der  Basislinie  mit  Korrelation  zur  Raumtemperatur 


Messungen  zur  Bestimmung  der  kinetischen  Parameter  (Serie  3) 

Unbelastete  Proben  der  TLP  wurden  bei  SOT  bis  zum  Erreichen  des  WarmefluBminimums 
gemessen.  Dieser  Zustand  wurde  nach  rund  4  bis  9  Tagen  erreicht.  Dieselbe  Probe  wurde  dann 
bei  70°C,  anschliefiend  bei  OOT  risw.  bis  40°C  gemessen  (s.  Abb.  8). 


Abb.  8.  Messungen  zur  Bestimmimg  der  Aktivierungsenergie 
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Die  am  Ende  der  jewefligen  Meflperiode  erhaltenen  konstanten  Werte  wurden  ftir  den 


Arrhenius-Plot  verwendet  (Abb.  9-12). 


Arriieniusplot  ILP  A 


Arrtieniusplot  IIP  C 


Arrheniusplot  HP  B 


Arriiaiiusplot  HP  D 


Abb.  9-12.  Arrhenhisplots  der  TLP’s  A  bis  D  (konstante  Werte  des  WarmefluBsignals) 


Abb.  13  zeigt  die  Auswertung  einer  Messung  an  TLP  A,  bei  der  die  80°C-Messung  (bei  sonst 
analoger  Arbeitsweise)  Ober  18,8  Tage,  also  bis  in  die  NShe  des  Maximums  (vgl.  Abb.  2) 
ausgedehnt  wurde.  In  alien  Fallen  wurde  ein  relativ  scharfer  Wechsel  des  Kurvenanstiegs  -  und 
somh  der  Aktivierungsenergie  -  zwischen  etwa  50°C  nnd  65°C  festgestellt. 
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Arrheniusplot  TLP  A  (Ref-zeit  18,8  d) 


Abb.  13.  Arrheniusplot  des  TLP  A  nach  18,8  Tagen  MeBzeit 

Die  erhahenen  kinetischen  Parameter  sind  in  Tab.  3  zusammengesteUt. 

Tab.  3:  Kinetische  Parameter  ftir  die  TLP’s  A  bis  D 


TLP 

E, 

A, 

E2 

A2 

Tkn 

tref 

Qref 

[kJ/mol] 

[pW/g] 

[kJ/mol] 

[pW/g] 

[d] 

[J/g] 

A 

124,4 

3,4E19 

88,2 

5,1E13 

66,4 

6,01 

8 

127,2 

2,7E20 

91,2 

6,3E14 

65,4 

18,8 

27 

B 

145,3 

2,3E22 

81,0 

2,2E12 

64,6 

7,09 

7 

C 

136,0 

2,4E21 

92,8 

3,1E14 

53,4 

4,23 

11 

D 

127,2 

7,6E19 

66,3 

1,9E11 

57,8 

8,46 

9 

A|,  El  =  Frequenzfaktor  und  Aktivierungsenergie  des  Hochtemperaturbereichs 
A2,  E2  =  Frequenzfaktor  und  Aktivierungsenergie  des  Niedrigtmperaturbereichs 
Tkn  =  Obergangstemperatur  (gleicbe  Werte  beider  ReakticHisratenkonstanten) 

t,rf  =  Referenzzeit  der  Lagerung  bei  80°C  (=  Minimumzeit)  mit  Ausnabme  des  zweiten  Wertes  fBr  TLP  A 
Q,rf=  Energieverlust  bei  der  Referenzzeit 


Die  Werte  beider  Aktivierungsenergien  ffir  das  bis  zum  Minimum  und  das  Itir  1 8,8  Tage  be- 
lastete  TLP  sind  praktisch  gleich,  lediglich  die  Frequenz&ktoren  des  letzteren  sind  erhdht. 
Dieses,  ebenso  wie  Untersuchungen  fiber  die  Form  der  qualitativ  gleich  verlaufenden  Warme- 
fluBkurven  zweibasiger  TLP  bei  verschiedenen  MeBten^raturen  [8]  bestatigt  die  folgende 
Hypothese.  Bis  zum  Minimum  sind  die  Effekte  durch  insgesamt  unbedeutende  Oberlachen- 
reaktionen  bestimmt,  die  kinetisch  schwierig  darzustellen  sind.  Ober  einen  weiten  Bereich 
danach  ist  das  WarmefluBsignal  mit  einer  einheitlichen,  wenn  auch  nicht  ein&chen  Kinetik  be- 
schreibbar.  Daraus  resuhiert,  daB  das  Minimum  nur  den  kleinstmSglichen  sinnvoUen  Extrapo- 
lationspunkt  darstellt.  Angesichts  des  in  diesem  Zustand  gemessenen  Energieverlusts  von  max. 
1 1  J/g  kann  angenommen  werden,  daB  die  Wahl  eines  Bezugspunktes 
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hOherer  Zersetzung  und  entsprechend  Itogerer  LebensdauerscMtzung  noch  zulSssig  w&e.  Dies 
ist  jedoch  ohne  begleitende  Beschufiversuche  nicht  generell  quantifizierbar. 

Die  Zeit  bis  zum  Erreichen  des  Referenzzustandes  (=  Minimum  des  WSmeflusses)  bei 
isothermer  Lagerung  kann  aus  der  iiblichen  Gleichung  (1)  berechnet  werden. 

t  =  (1) 

mit 

t  =  isotherme  Lagerzeit  [d] 

t^=  Referenzzeit  (=  Minimmnzeit)  der  80°C-Messung  [d] 

T  =  isotherme  Lagertemperatur  [K] 

Tref  =  Referenztemperatur  (=  353,15  K/80°C) 

E  =  Alctivierungsenergie  [kJ/mol] 

R  =  Oaskonstante  [0,0083 143  kJ/(K-mol)] 


Die  Lebensdauer  flir  25°C  wurde  auf  folgendem  Weg  geschStzt; 

Mit  El,  Tref  =  353,15  K,  W  =  Minimumzeit  der  80°C-Messung  und  T  =  Knicktemperatur  wird 
t  flir  diese  Temperatur  berechnet  (=  tKN).  Im  zweiten  Schritt  wird  unter  Verwendtmg  von  E2, 
Tref  =  Tkn,  tref=  tKN  und  T  =  298,15  K  die  L^erzeit  bei  25°C  berechnet.  Die  Ergebnisse  sind  in 
Tabelle  4  aufgelistet. 


Tab.  4:  Lebensdauerschfltzung  flir  25°C  aus  WFK-Messungen 


TLP 

A 

A 

B 

C 

D 

W[d] 

6,0 

18,8 

7,1 

4,2 

8,5 

t25  [Jahre] 

6,9 

26,9 

8,5 

13,1 

6,0 

Die  auf  dem  Minimum  als  Referenz  basierenden  Zeiten  liegen  zwischen  6  und  13  Jahren.  Falls 
der  Energieverlust  von  27  J/g  noch  ballistisch  verkraftbar  ist,  erhoht  sich  die  Schatzung  flir 
TLP  A  von  7  auf  27  Jahre. 


Messungen  bei  Lagertemperatur  (Serie  1) 

Diese  Messungen  dienten  vorwiegend  zur  Uberpriifung  der  Gestalt  der  WarmefluBkurven  bei 
niedrigen  Temperaturen  ohne  die  Kalorimeter  fte  sehr  lange  Zeit  zu  blockieren.  Der 
Kurvenverlauf  entspricht  qualitativ  weitgehend  den  Messungen  bei  80°C,  was  die  Annahme 
einer  einheitlichen  Kinetik  unterstlitzt.  Ein  Beispiel  ist  in  Abb.  14  dargestellt. 

Daraus  ist  auch  ersichtlich,  dafi  eine  Kontrolle  des  Alterungsvorganges  aus  der  Hohe  des 
Mefisignals  zu  absolut  £ilschen  SchlUssen  fiihren  wttrde.  Bis  zum  Minimum  wird  das 
MeBsignal  immer  kleiner;  dies  bedeutet  jedoch  keineswegs  eine  Zunahme  der  StabilitSt. 

Messungen  vorbelasteter  Proben  bei  SCC  bis  zum  Minimum  (Serie  3) 

Die  Idee  dieser  Messungen  war,  zu  prilfen,  ob  sich  die  Verschiebung  des  80°C- 
Minimunpunktes  belasteter  TLP  als  AlterungsmaB  flir  Uberwachungstests  eignet.  Dieser 
Eflfekt  ist  in  Abb.  15  dargestellt. 
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Abb.  16.  Minima  der  80°C-Messung  nach  Vorbelastung  bei  60°C  (TLP  C) 

Demnach  wSre  folgende  Alternative  zum  Surveillance-Test  denkbar: 

•  Einlagerung  eines  frisch  gefertigten  TLP  in  WFK-AmpuUen  bei  Raumtemperatur  und 
Messung  eines  „WFK-Ursignals“  (Minimumzeit  bei  80°C) 

•  Messungen  bei  80°C  der  eingelagerten  Proben  in  Zeitabstanden  von  einigen  Jahren 

•  Schnittpunkt  der  extrapolierten  Geraden  mit  der  Raumtemperatur- Achse  indmert  den 
mdglichen  Ablauf  der  Einsatzdauer 

5  Stabilisatorabbau 

Die  in  Tab.  2  aufgeHihrten  DPA-Gehalte  der  TLP  sind  Rezepturwerte.  Wie  zu  erwarten,  waren 
bereits  vor  der  Warmelagerung  merkliche  Anteile  des  DPA  zu  N-NO-DPA  umgesetzt  (vgl. 

Tab.  5).  Dieser  Vorgang  ist  auch  die  Hauptreaktion  wahrend  der  Lagerung,  d.h.  die  Menge  des 
„efiFektiven  Stabilisators"  (DPA  +  0,85-N-NO-DPA)  nimmt  im  Untersuchxmgszeitraum  nur 
sehr  langsam  unter  Bildung  geringer  Anteile  2-NDPA  und  4-NDPA  ab.  Der  Zeitverlauf  der 
Hauptumsetzung  ist  fur  das  TLP  C  in  den  Abb.  17-19  dargesteUt. 


Tab.  5:  Stabilisatorgehalt  vor  Lagerung 


TLP 

A 

B 

C 

D 

DPA  [%] 

0,90 

0,83 

0,74 

0,66 

N-NO-DPA  [%] 

0,22 

0,16 

0,33 

0,29 

Zur  Beurteilung  der  Stabilitdt  wurde  entsprechend  den  Vorgaben  der  STANAG  [1,5]  lediglich 
der  DPA-Gehalt  herangezogen.  Der  Zeitverlauf  der  Kurven  uber  alle  Mefitemperaturen  ist  - 
wie  bereits  einleitend  erwahnt  -  mit  einer  n-Ordnimgsreaktion  nicht  beschreibbar.  Beste  An- 
passung  nach  der  Methode  der  kleinsten  Fehlerquadrate  ergibt  Abweichungen  des  DPA-Ge- 
halts  von  0,15  bis  0,20  (auf  TLP-Masse  bezogen),  d.h.  relative  Fehler  von  ca.  20%.  Die  ,4ine- 
ar-exponential-Former  von  Bohn  [2],  die  zwei  Aktivierungsenergien  enthalt,  fthrt  bereits  zu 
einer  stark  verbesserten  Anpassung.  Eine  genauere  Kurvenanalyse  zeigt  jedoch,  daC  ein  Uber- 
gang  von  nuUter  zu  erster  Ordnung  nicht  signifikant  feststellhar  ist.  Die  Reaktionsordnung 
bleibt  eher  ttber  alle  Temperaturen  konstant.  Dies  ist  mit  folgendem  Ansatz  darstellbar: 
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S  =  So  {1  -  (1  -  n)[Ai  + (2) 

S  =  Stabilisatorgehalt  [%] 

So  =  Anfengsgehalt  des  Stabilisators  [%] 
n  =  Reaktionsordnung 

A],  E|  =  Frequenzfektor  [d"']  und  Aktivierungsenergie  pd/mol]  des  bei  hoher  Temperatur  dominierenden 
Reaktionsmechanismus 

A2,  E2  =  Frequenzfektor  [d'‘]  und  Aktivierungsenergie  [kJ/mol]  des  bei  niedriger  Temperatur  dominierenden 
Reaktionsmechanismus 

t  =  Lagerzeit  [d] 

T  =  Lagertemperatur  [K] 


Stablllsatorabbau  80*C  TLP  C 


2' 


Stabilisatorabbau  60°C  TLP  C 


Abb.  17-19.  Stabilisatorabbau  von  TLP  C  bei  80,  70  und  60°C 

Dieser  Ansatz  liefert  eine  hinreichende  Beschreibung  der  MeBwerte  (vgl.  Abb.  20-23).  Die 
relative  Standardabweichung  liegt  mit  0,01-0,03  %  DPA  im  Bereich  der  Versuchsfehler  der 
HPLC.  Die  ermittelten  kinetischen  Parameter  sind  in  Tabelle  6  zusammengestellt.  In  Anleh- 
nung  an  die  STANAG  4117  fordem  wir  einen  Mindestgehalt  von  0,3%  DPA  und  berechnen 
die  diesem  Wert  entsprechende  Lagerzeit  bei  25°C  als  ,J)PA-Lebensdauer“  (Tab.  7). 


StabilisatonibbaD  TUP  A 


Abb.  20-23.  Stabilisatorabbau  bei  80,70  und  60°C  der  untersuchten  TLP’s 


Tab.  6:  Kinetische  Parameter  aiis  DPA-Abbau 


TLP 

E, 

A, 

E2 

A2 

n 

So 

STABW 

[kJ/mol] 

[d-'] 

[kJ/mol] 

ism 

[%] 

[%] 

A 

147,3 

3,7E20 

108,7 

3,6E14 

0,480 

0,872 

0,030 

B 

176,8 

1,2E25 

83,0 

6,2E10 

0,784 

0,822 

0,011 

C 

169,7 

1,4E24 

89,6 

9,1E11 

0,679 

0,719 

0,032 

D 

193,9 

5,4E27 

54,9 

5,8E06 

0,841 

0,653 

0,017 

Tab.  7:  Lebensdauerschatzung  fur  25°C  aus  DPA-Abbau 


TLP 

A 

B 

C 

D 

S„f[%] 

0,300 

0,300 

0,300 

0,300 

t25  [Jahre] 

58,8 

13,7 

11,5 

1,5 

Der  Wert  von  TLP  A  Mt  mit  fest  59  Jahren  aus  dem  Rahmen.  Es  kann  angenommen  werden, 
daB  die  Sch&tzfunktion  aufgrund  einer  ungenttgenden  Datenmenge  aus  der  60°C-Lagerung 
ungenau  ist  (der  hOchste  verwertete  Abbaugrad  lag  bei  nur  37%  des  Anfengsgehaltes). 


6  Vergleich  der  Schatzmethoden 

Beide  Sch^tziunktionen  sind  im  Prinzip  gleichartig.  Sie  liefem  hbhere  Aktivierungsenergien  fiir 
hOhere  Temperaturen  und  niedrigere  Werte  fUr  den  Tieftemperaturbereich.  Die  schwerwie- 
genderen  Werte  des  Tieftemperaturbereichs  sind  im  Mittel  angenShert  gleich.  Die  Wahl  der 
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Referenzpunkte  ist  bei  beiden  Methoden  willktirlich  (das  WFK-Verfahren  liefert  jedoch  immer- 
hin  einen  Energieverlust,  der  einen  Bezug  zur  Funktion  hat).  Gleicht  man  die  Bezugspunkte  an, 
so  werden  auch  die  quantitativen  SchMtzungen  ahnKcher.  Berechnet  man  aus  (2)  die  Zeiten,  bei 
denen  bei  80°C  der  DPA-Gehalt  bei  0,3%  liegt  und  verwendet  diese  Zeiten  anstatt  der  Mini- 
mumzeit  als  Referenz  filr  die  WFK-Auswertung  erhSlt  man  die  in  Tabelle  8  aufgeflihrten 
Werte. 

Tab.  8:  Vergleich  der  LebensdauerschStzung  filr  25°C 


TLP 

B 

C 

D 

Mittehvert 

S„f[%] 

0,300 

0,300 

0,300 

tref  [d] 

7,91 

4,76 

4,77 

t25  [Jahre]  wfk 

9,5 

14,7 

3,4 

9,2 

t25  [Jahre]  dpa 

13,7 

11,5 

1,5 

8,9 

TLP  A  wurde  aus  dem  o.g.  Grund  nicht  mitgewertet.  Die  Mittelwerte  -  nur  zur  Oberpriifimg 
der  Tendenz  gebildet  -  sind  nahezu  gleich,  aber  auch  die  Einzelwerte  zeigen  eine  angesichts  der 
Problematik  hinreichende  Obereinstimmung. 
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Abstract 

There  have  been  numerous  international  instances  over  the  last  several  years  in  which 
pumping  of  an  emulsion  explosive  has  resulted  in  an  accident.  To  address  the  sensitivity 
of  emulsion  explosives  to  various  parameters  including  pressure,  a  study  of  a  particular 
ammonium  nitrate  (AN)  based  emulsion  explosive  has  been  undertaken  using  the  ARC 
(accelerating  rate  calorimeter)  and  a  Tian-Calvet  heat  flux  calorimeter  (HFC). 

The  effects  of  pressure  and  both  inert  and  oxidizing  atmospheres  on  thermal  behaviour 
were  determined  and  compared  with  similar  results  obtained  for  AN  per  se.  All  the  results 
for  the  emulsion  explosive  suggest  an  increased  thermal  hazard  when  operating  in  air  in 
contrast  with  the  observations  for  the  same  measurements  in  Argon.  No  such  difference 
in  the  results  for  AN  in  air  and  Argon  was  observed. 

Significantly  lower  onset  temperatures  are  observed  in  air  from  both  the  ARC  and  HFC 
measurements  on  the  emulsion  explosive.  This  observation  is  believed  to  be  a  result  of 
oxidation  of  the  oil  phase  in  the  emulsion.  Additionally,  the  ARC  results  show  some 
dependance  on  the  choice  of  the  initial  temperature;  a  lower  initial  temperature  results  in 
an  elevated  onset  temperature.  Sample  size  also  appears  to  be  a  factor  influencing  the 
onset  temperature  for  both  the  HFC  and  ARC  results. 

At  a  heating  rate  of  0.1  °C  min'\  the  HFC  results  show  a  complex  exotherm  pattern  for 
the  emulsion  in  both  Argon  and  air,  but  the  latter  results  give  a  decidedly  earlier  onset 
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temperature  and  a  slightly  larger  aH.  A  complex  exotherm  pattern  is  expected  for  the 
decomposition  of  AN  but,  for  the  emulsion  in  air,  oxidation  of  the  oil  phase  further 
complicates  the  result. 

Introduction 

Emulsion  explosives  are  in  increasing  use  at  this  time  because  of  the  advantage  that 
they  offer  over  ANFO  and  slurry  explosives.  In  spite  of  their  relatively  high  cost,  they  have 
significant  benefits  such  as  improved  water  resistance.  Recently,  heavy  ANFO  [1]  has 
been  formulated  with  emulsion  filling  in  the  voids  between  the  prills  of  ANFO,  at  very  little 
extra  cost.  It  has  become  common  practice  to  pump  these  explosives  during  their 
manufacture,  transfer  or  loading  into  boreholes.  Two  major  Canadian  and  several 
international  accidents  [2]  have  resulted  from  pumping  emulsion  explosives. 

Perlid  has  carried  out  extensive  safety  tests  using  a  variety  of  emulsion  explosives  in 
a  progressing  cavity  pump  in  a  circulation  system  against  dead  head  and  under  dry 
pumping  conditions.  He  showed  that  dry  pumping  a  heavy  ANFO  product  resulted  in  rapid 
temperature  increase  over  800  “C,  with  destruction  of  both  the  product  and  the  rubber 
parts  in  the  pump.  When  a  cap  -  sensitive  emulsion  explosive  was  used  under  the  same 
conditions,  an  explosion  occurred,  damaging  the  pump  and  the  tubing  in  the  system. 

The  thermal  behaviour  of  an  emulsion  explosive  is  a  key  property  that  affects  sensitivity 
and  ultimately  its  safe  use.  The  parameters  that  determine  thermal  behaviour  are  therefore 
of  significant  importance.  Olson  [3]  has  shown  that  an  increase  in  initial  temperature  in  an 
emulsion  matrix  lowers  the  minimum  burning  pressure  and  raises  the  linear  burning  rate. 

In  Canada,  a  pumping  consortium  has  been  formed  for  the  purpose  of  focussing  on 
safety  issues  related  to  the  pumping  of  explosives.  As  part  of  our  contribution  to  this  effort, 
CERL  has  undertaken,  in  cooperation  with  local  industry,  experimental  work  aimed  at 
elucidating  factors  that  affect  onset  temperatures  of  emulsion  explosives. 

Experimental 

The  emulsion  explosives  were  received  from  ETI  Explosives  Ltd  and  used  without 
further  treatment.  Ammonium  nitrate  (AN)  with  a  purity  of  99%  was  purchased  from  Baker 
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Chemical  Company. 

A  Heat  Flux  Calorimeter  (HFC)  and  an  Accelerating  Rate  Calorimeter  (ARC)  were  used 
to  study  the  characteristics  of  AN  and  the  AN-based  emulsion  explosives. 

HFC 

The  calorimeter,  manifold  and  special  high  pressure  vessels  were  used  as  described 
in  reference  [4].  The  following  two  methods  were  used  for  loading  samples  in  the  HFC:  (I) 
the  samples  were  loaded  directly  into  the  high  pressure  vessel  and  the  pressure  change 
was  read  by  a  pressure  transmitter  during  the  experiments.  In  this  way,  experiments  were 
carried  out  at  ambient  and  5.4  MPa  pressure  of  air  and  Argon.  In  this  method  sample  size 
varied  from  0. 1  to  1 .0  g,  and  (ii)  the  samples  were  sealed  in  a  glass  ampoule  which  had 
an  internal  volume  of  about  0.7  cm^.  The  glass  ampoule  was  loaded  in  the  high  pressure 
vessel  and  a  helium  gas  environment  was  used  to  provide  good  thermal  conductivity. 
Sample  size  was  less  than  0.1  g.  Heating  rates  for  all  experiments  were  0.1  and  0.3  °C 
min’’. 

ARC 

The  standard  ARC  procedure  of  a  heat-wait-search  cycle  was  used  for  all  the 
experiments.  During  the  search  portion  of  the  cycle,  the  instrument  checks  for  sample  self¬ 
heating  that  exceeds  a  user  -  definable  threshold  rate  (0.02  °C  min’’  in  this  work).  Once 
this  condition  has  been  met,  the  cycle  is  interrupted  but  collection  of  time,  temperature  and 
pressure  data  continues.  If  the  rate  drops  below  the  threshold,  the  heat  -  wait  -  search 
cycle  restarts.  Data  collection  stops  should  some  other  preselected  condition  be  exceeded. 
For  example,  experiments  using  2.0  g  of  sample  were  programmed  to  shut  down  when  the 
rate  exceeded  1  "C  min  ’.  Details  of  the  conditions  and  parameters  used  in  these  studies 
can  be  found  in  references  [5]  and  [6]. 

Thermal  hazard  studies  using  the  ARC  have  been  published  [7,  8]  and  the  thermokinetic 
information  that  can  be  obtained  from  ARC  measurements  has  been  described  previously 
[9].  In  this  work  two  sets  of  conditions  (Table  1 )  were  used  for  the  different  phases  of 
the  program. 
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Results  and  Discussion 

HFC 

High  Pressure  Vessels 

The  experimental  curves  for  AN  and  an  emulsion  explosive  in  Argon  are  compared 
in  Figure  1 .  From  this  Figure,  the  four  phase  transitions  observed  for  AN  disappeared  in 
the  emulsion  explosive.  In  fact,  observation  of  crystalline  phase  transition  in  an  emulsion 
explosive  is  not  a  good  sign  since  this  suggests  crystallization  of  AN.  The  onset 
temperature  for  AN  appears  to  be  lower  than  that  observed  for  the  emulsion  explosive 
whereas  the  rate  of  the  reaction  for  the  emulsion  explosive  is  significantly  faster  than  that 
for  AN.  A  shoulder  was  observed  in  the  high  temperature  region  of  the  exotherm  for  the 
emulsion  explosive,  indicating  a  complex  reaction  mechanism. 

The  results  for  AN  at  ambient  pressure  of  air,  5.4  MPa  of  air  and  Argon  are  shown  in 
Figure  2.  The  peak  temperatures  of  the  exotherms  in  the  high  pressure  measurements 
were  shifted  to  slightly  higher  values. 

The  experiments  for  the  emulsion  explosive  were  carried  out  at  ambient  pressure  of  air 
and  5.4  MPa  of  air  and  Argon.  All  these  results  are  shown  in  Figure  3.  Firstly,  comparing 
the  results  obtained  at  ambient  pressure  of  Argon  and  air,  it  is  found  that  the  real  onset 
temperature  for  emulsion  explosives  at  ambient  pressure  of  air  is  lower  than  that  at 
ambient  pressure  of  Argon  by  about  15°C.  The  peak  temperature  is  also  shifted  to  a  lower 
temperature  by  about  15  °C.  These  results  suggest  that  early  oxidation  takes  place.  From 
Figure  3,  even  lower  onset  temperatures  were  observed  from  the  results  at  5.4  MPa  of  air 
and  the  exothermic  reaction  is  broader,  more  complex  and  incomplete  at  300  °C.  High 
pressure  of  inert  gas  inhibited  the  exothermic  reaction  of  the  emulsion  explosive.  Clearly, 
for  the  experiments  carried  out  at  5.4  MPa  of  air  two  factors  affect  the  thermal  behaviour 
of  the  emulsion  explosive:  oxidation  and  inhibition.  The  former  tends  to  lower  the  onset 
temperature  whereas  the  latter  tends  to  delay  subsequent  reactions. 

Experiments  were  also  carried  out  at  a  heating  rate  of  0.1  'C  min"’  in  order  to  obtain  the 
entire  exothermic  peak.  The  results  obtained  at  ambient  pressure  of  air  and  Argon  are 
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shown  in  Figure  4.  The  entire  peaks  were  obtained  for  both  conditions.  Similarly,  early 
oxidation  and  lower  onset  temperature  of  the  exotherm  were  obtained  from  the  results  at 
ambient  pressure  of  air.  When  1  gram  of  the  emulsion  explosive  was  used,  ignition  took 
place  in  both  air  and  Argon  at  ambient  pressure  conditions.  These  results  are  shown  in 
Figure  5.  At  least  three  peaks  were  found  in  the  thermogram  at  ambient  pressure  of  air  and 
the  ignition  temperature  is  lower  than  that  at  ambient  pressure  of  Argon,  in  which  at  least 
four  peaks  were  observed.  Self-heating  was  considered  as  the  reason  for  ignition  in  the 
larger  sample  sizes. 

Ampoules 

The  samples  were  directly  loaded  into  the  high  pressure  vessel  in  all  the  above 
experiments.  Because  the  manifold  has  a  larger  free  volume  than  that  of  the  vessel,  part 
of  the  sample  might  have  vapourized  and  condensed  in  the  manifold  during  the 
experiments.  In  these  experiments,  the  sample  was  sealed  in  air  in  a  glass  ampoule  in 
order  to  avoid  material  loss  and  also  to  simulate  a  confined  condition.  All  the  results  are 
shown  in  Figure  6.  The  results  for  AN  show  the  complete  exotherm  and  a  higher  rate  of 
reaction,  compared  with  the  results  from  AN  obtained  using  the  high  pressure  vessel. 
Surprisingly,  the  results  for  the  emulsion  explosive  indicate  delay  of  onset  temperature  by 
about  50  °C,  similar  to  the  results  obtained  using  high  pressure  of  inert  gas.  This  suggests 
that  an  increase  in  pressure  from  inert  products,  such  as  water,  is  inhibiting  the  exothermic 
reaction.  The  residual  of  this  sample  was  re-run  and  the  exothermic  reaction  appeared 
again,  indicating  that  the  reaction  was  incomplete  in  the  first  cycle. 

ARC 

Table  2  lists  the  ARC  results  obtained  for  the  earlier  studies  [5]  on  two  emulsion 
explosive  products,  sample  1  having  less  AN  and  more  calcium  nitrate  (CN)  than  sample 
2.  It  is  clear  that  onset  temperatures  are  lower  for  emulsion  explosives  at  Pi^us,,  =  1.0  MPa 
than  at  ambient  pressure  and  also  lower  than  the  onset  temperature  for  AN.  Onset 
temperatures  for  AN  and  emulsion  explosive  at  ambient  pressure  show  the  opposite 
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behaviour. 

In  a  more  recent  study  [6] ,  a  Hastelloy  C  vessel  was  used,  in  spite  of  its  larger  mass 
and  lower  sensitivity,  because  there  was  some  independent  evidence  for  a  catalytic  effect 
in  titanium  vessels.  The  “true"  onset  temperature  in  an  ARC  experiment  is  typically  less 
than  the  detected  value,  since  an  exotherm  cannot  be  detected  in  either  the  heat  or  wait 
modes. 

A  compilation  of  all  the  results  for  two  sample  masses,  at  a  series  of  initial  temperatures 
and  pressures  is  given  in  Table  3.  The  composition  of  this  emulsion  explosive  is  similar 
to  that  of  sample  2  in  Table  2.  Table  3  and  Figures  7  and  8  indicate  that  both  rates  dT/dt 
and  dP/dt  generally  increase  as  the  initial  pressure  increases.  This  behaviour  is  also 
observed  for  AN  per  se  [10].  Additionally,  the  initial  temperature  seems  to  determine 
whether  or  not  the  first  exotherm  is  detected  so  that  at  1 00  °C  (Table  3)  it  is  not  commonly 
detected.  From  Figure  8,  it  appears  that  the  onset  temperature  decreases  with  increasing 
pressure,  although  there  is  no  such  pattern  from  the  results  in  Table  3  for  0.5  g  of  emulsion 
at  T|„k,|  =  150  “C.  Finally,  it  is  apparent  that  the  highest  rate  in  all  the  tests  occurs  at  the 
highest  initial  pressure. 

From  a  comparison  of  the  results  in  Tables  2  and  3,  it  appears  that  a  lower  initial 
temperature  results  in  a  higher  onset  temperature  but  also  generally  leads  to  a  runaway 
reaction  ie  R„  >  10  K  min'V 

Conclusions 

The  exothermic  reaction  for  AN  is  not  affected  by  the  nature  and  pressure  of  the  gas 
environment.  The  exothermic  reaction  for  emulsion  explosives  is  dependent  on  the  gas 
environment.  Oxidative  decomposition  of  the  oil  phase  in  the  emulsion  explosive  in  air 
is  observed.  High  pressure  of  inert  gas  tended  to  inhibit  and  delay  the  exothermic  reaction 
for  emulsion  explosives,  but  in  air  oxidative  decomposition  resulted  in  a  lower  onset 
temperature  with  a  broadened  decomposition  caused  by  the  high  pressure. 
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Table  3  ARC  results  For  Emulsion  Explosive  [6] 


Mass/ 

g 

^initia/ 

x 

Plnttial  ^  , 

MPa 

Exotherm  #  1 

Exotherm  #  2 

R„/“Cmin-' 

AP,/ 

MPa 

To“'/°C 

R„/°Cmin‘’ 

AP  1+2 

/MPa 

10^(dP/dt)„/ 

MPa  min  ' 

0.5 

i 

150 

0.70 

150 

0.06 

2.9 

252 

0.51 

6.5 

1.8 

1.46 

168 

0.04 

1.8 

260 

0.26 

m 

1.9 

2.59 

155 

0.10 

1.5 

236 

0.5 

5.0 

3.4 

3.99 

150 

0.16 

1.3 

246 

1.8 

>5.7 

16 

100 

0.10 

230 

- 

(0.4) 

235 

0.06 

3.8 

0.6 

0.46 

215 

0.08 

1.9 

236 

0.47 

5.6 

4.0 

2.0 

130 

0.10 

- 

- 

(0.4) 

218 

>1 

>2.2 

5.4 

1.37 

195 

0.02 

0.2 

224 

>50 

>3.2 

28 

3.13 

135 

0.03 

0.0 

165 

>1 

>2.3 

6.6 

150 

1.43 

175 

0.08 

1.2 

220 

>1 

>4.2 

6.6 
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Abstract 

The  thermal  decomposition  behaviour  of  the  following  plasticizers  and  binders  was 
investigated  in  solutions  of  toluene  (10  mass-%)  with  an  'Accelerating  Rate  Calorime¬ 
ter'  (ARC™):  N-Methyl-/  N-Ethyl-NENA  (58.8  /  41.2  in  mass-%),  DANPE  (1,5-diazido-3- 
nitraza-pentane),  GAPA  (short  chain  GAP  with  azido  end  groups),  EGBAA  (ethylene 
glycol-bis-(a-azidoacetate),  octylazide  (not  for  use  in  explosives),  GAP-AA-2000  (nor¬ 
mal  GAP,  but  OH  end  groups  as  esters  of  a-azido  acetic  acid),  GAP-AA-500  (short  chain 
GAP,  but  OH  end  groups  as  esters  of  a-azido  acetic  acid),  PolyGLYN  (poly  glycidyl  nitra¬ 
te,  uncured),  GAP  (poly  glycidyl  azide,  uncured)  from  two  manufacturers.  Three  types 
of  energetic  groups  are  represented  with  these  compounds:  nitric  acid  ester,  nitramine 
and  azido  group.  The  amount  of  weighed-in  solution  was  about  6g.  The  ARC  produ¬ 
ces  a  quasi-adiabatic  environment  for  the  sample  by  counter  heating.  A  closed  measu¬ 
ring  system  was  used.  This  prevent  the  solutions  from  evaporation.  The  advantage  of 
the  investigation  of  the  solutions  is  that  the  decomposition  can  be  followed  in  a  fully 
controlled  way.  The  pure  energetic  substances  would  deflagrate  after  a  short  period 
of  controllable  self  heating.  The  characteristic  data  of  the  adiabatic  self  heatings  are 
given:  temperature  and  self  heat  rate  at  the  onset  and  at  the  maximum  and  the  final 
temperature  of  the  self  heat  rate  curve,  the  thermal  inertia  of  the  system  'toluene  so¬ 
lution-measuring  cell'  and  the  thermal  inertia  of  the  system  'energetic  substance-sol- 
vent-measuring  cell'.  Typical  values  for  the  two  groups  of  thermal  inertia  are  1 .25  and 
12.4.  With  the  self  heat  rate  curves  one  can  distinguish  the  plasticizers  and  binders 
with  respect  to  the  decomposition  temperature  range,  the  energy  generation  and  the 
energy  generation  rate.  Different  steps  in  decomposition  kinetics  can  be  seen.  The  Ar¬ 
rhenius  parameters  and  the  released  heats  of  reactions  have  been  determined  from 
the  self  heat  rate  curves,  which  could  be  described  with  reactions  of  first  order.  The 
self  heat  rate  curves  have  been  scaled  to  the  thermal  inertia  equal  to  one,  which  corre¬ 
sponds  to  a  measurement  on  a  solution  without  measuring  cell  and  to  a  measurement 
on  a  pure  substance  without  measuring  cell.  With  the  data  of  the  simulated  situation 
'pure  substance'  the  temperatures  have  been  calculated  for  heat  generation  rates  of 
25pW/g  and  50pW/g.  For  25pW/g  the  predicted  temperatures  of  Me/Et-NENA  and  Po¬ 
lyGLYN  are  85'’C  and  BCC.  The  azido  compounds  have  values  above  lOO'C.  DANPE  has 
with  106°C  the  lowest  temperature  and  the  investigated  GAP  binders  have  values  of 
about  114°C. 


Paper  presented  at  the  29th  Internat.  Annual  Conference  of  ICT,  Karlsruhe.  Germany,  June  30- July  3, 1998. 
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1 .  Einleitung 

Neuere  energetische  Weichmacher  und  Binder  haben  folgende  energetische  Gruppen: 
Salpetersaureestergruppe,  Nitramingruppe,  Azidogruppe.  Die  grundsatzlichen  Ziele 
der  Entwicklung  energetischer  Binder  und  Weichmacher  sind:  (1)  erhohte  thermische 
Bestandigkeit,  (2)  Erhohung  der  Energieinhalts,  (3)  Verbesserung  der  Weichmacher- 
Funktionen:  Emiedrigen  der  Glasubergangstemperatur  und  der  Sprod-Duktil-Ober- 
gangstemperatur,  Vermindem  der  Migration  und  des  sog.  Ausschwitzens,  Verbessem 
der  anderen  mechanischen  Eigenschaften  der  Treibmittelmatrix  und  wenn  mdglich 
auch  des  Abbrandverhaltens  eines  Treibmittels.  Azidogruppen  sind  neben  der  zusatz- 
lichen  Energie  auch  interessant  wegen  der  hohen  Gaserzeugungsrate  (Stickstoff)  aus 
der  Azidogruppe  C-N3.  Dieser  Effekt  kann  z.B.  die  Abbrandgeschwindigkeit  erhohen 
und  die  Druckwellenwirkung  verstarken.  Von  der  Salpetersaureestergruppe  ist  ihre 
geringere  thermische  Stabiiitat  von  den  herkdmmlichen  Sprengolen  und  der  Nitrocel¬ 
lulose  bekannt.  Dies  andert  sich  auch  nicht  in  den  neueren  Bindem  und  Weichma- 
chem,  die  sie  als  energetische  Gruppe  enthalten.  Der  Vorteil  ist  ein  anderes  Zenset- 
zungsverhalten.  Die  ausgepragte  autokatalytische  Zersetzung  wie  bei  den  herkommli- 
chen  Salpetersaureestern  wird  bei  ihnen  nicht  beobachtet.  Eine  vergleichende  Unter- 
suchung  bezuglich  thermisch  ausgeloster  Zersetzung  klassifiziert  die  untersuchten 
Substanzen  bezuglich  ihrer  thermischen  Bestandigkeit  und  der  Freisetzung  der  Ener¬ 
gie.  Die  Untersuchungsmethode  war  die  adiabatische  Selbstaufheizung  an  Toluolld- 
sungen  gemessen  mit  einem  'Accelerating  Rate  Calorimeter*  (ARC™).  Das  geschlossene 
MeBsystem  verhindert  ein  Verdampfen.  Der  Vorteil  der  Untersuchung  in  Losung  ist, 
daB  der  Ablaut  der  Zersetzungsreaktionen  in  der  Geschwindigkeit  eingestellt  und 
somit  kontrolliert  werden  kann  und  auch  homogen  ist.  Die  reinen  Verbindungen 
wQrden  alle  nach  einer  kontrollierbaren  Selbstaufheizungsphase  deflagrieren. 


2.  Apparatur 

2.1  Prinzip  der  Methode 

Das  'Accelerating  Rate  Calorimeter*  (ARC™)  von  Columbia  Scientific  Industries,  Austin, 
Texas,  USA  (Qbemommen  von  Arthur  D.  Little  Inc,  Cambridge,  Massachusetts,  USA)  ist 
in  Abb.  1  mit  den  wichtigsten  Komponenten  schematisch  dargesteilt.  Der  Heizbiock 
besteht  aus  drei  Einzeibldcken  H,,  H2  und  H3,  die  separat  uber  die  Heizblockthermo- 
elemente  T,,  Tj  und  T3  geregelt  werden.  In  der  Mitte  des  Heizbiocks  wird  die  MeBzelle 
angebracht.  Die  kugeligen  MeBzellen  mit  AnschluBstutzen  sind  aus  Titan,  Edelstahl, 
Tantal  oder  Hastelloy  C  276  mit  einem  Durchmesser  von  einem  oder  0,5  Zoll  gefertigt. 
An  der  MeBzelle  wird  das  MeBzellenthermoelement  Tm  mit  einer  Klemme  befestigt. 
Alle  Thermoelemente  sind  vom  Typ  N  (Nisil/Nicrosil).  Ober  eine  dunne  Hochdruckkapil- 
lare  ist  die  MeBzelle  mit  dem  Druckaufnehmer  DA  verbunden.  In  der  Regel  wird  am 
geschlossenen  System  gemessen,  damit  die  adiabatische  Umgebung  moglichst  gut 
gewahrleistet  ist.  Die  MeBsignale  werden  dem  ARC-Prozessor  zugefuhrt,  welcher  das 
MeBprogramm  steuert  und  wahrend  der  Selbstaufheizung  der  Probe  die  Heizungen 
nachfuhrt.  Durch  dieses  Nachfuhren  wird  eine  quasiadiabatische  Umgebung  erzeugt. 
Als  Temperaturbezugspunkt  fur  die  Thermoelemente  wird  ein  hochkonstantes  Eis- 
punkt-Gerat  verwendet.  Der  Ablauf  einer  ARC-Messung  ist  in  der  Abb.  2  dargesteilt. 


M:  measuring  cell  PT?  pressure  transducer  HI.  H2,  H3:  heater  C:  calorimeter 
Tm:  measuring  thermocouple  T1,  T2,  T3:  heater  thermocouples 


Abb-  1;  Schema  des  'Accelerating  Rate  Calorimeter'  (ARC). 


Abb.  2:  ARC  -  MeBprinzip  im  'Heizen  -  Warten-  Suchen'  -  Modus. 


29-4 


Nach  dem  Hochheizen  auf  die  Starttemperatur  oder  um  einen  Heizschritt  dient  die 
Warten-Phase  zur  Equilibrierung  der  Probe  und  der  MeBzelle  mit  der  Umgebung. 
Darauf  wird  in  der  Suchen-Phase  vom  Prozessor  gepruft,  ob  die  Probe  schon  eine 
Selbstaufheizung  zeigt.  Dazu  wird  die  Temperaturanderung  der  MeBzelle  mit  einer 
vorgegebenen  Anstiegsempfindlichkeit  verglichen.  1st  die  Temperaturerhohung  pro 
Zeit  uber  einen  durch  Parameter  bestimmten  Zeitraum  groBer  als  diese  Schwelle, 
schaltet  das  Gerat  in  die  Exotherm-Phase,  und  die  Heizungen  werden  der  nun  begin- 
nenden  Selbstaufheizung  der  Probe  nachgefiihrt.  Wird  wShrend  der  Suchen-Phase  der 
Schwellenwert  nicht  uberschritten,  wird  die  Probe  um  den  Heizschritt  aufgeheizt, 
worauf  wieder  die  Warten-  und  Suchen-Phasen  folgen.  Dies  wird  solange  wiederholt, 
bis  eine  Exotherme  gefunden  oder  eine  vorgegebene  Endtemperatur  erreicht  wird. 


2.2  Berucksichtigung  der  inerten  Massen 

Die  Probe  heizt  wahrend  der  exothermen  Zersetzung  auch  die  MeBzelle  mit  auf.  Da- 
durch  wird  die  Selbstaufheizrate  gegenuber  einer  Messung  ohne  MeBzelie  verkleinert 
durch  die  sog.  thermisch  inerte  Masse  der  MeBzelle  und  sonstiger  inerter  Massen.  Zur 
Aufsteliung  einer  Warmebilanzgieichung  wird  die  Temperaturerhohung  des  gesam- 
ten  MeBzellen-Proben-Systems  mit  AT^s  und  die  der  Probe  allein  mit  AT  bezeichnet. 
Als  spezifische  Waimen  werden  die  bei  konstantem  Druck  verwendet,  da  das  Volumen 
der  Probe  eigentlich  nicht  konstant  gehalten  wird,  was  besonders  fur  Feststoffe  und 
FlQssigkeiten  gilt.  Der  Druck  ist  zwar  auch  nicht  konstant,  jedoch  sind  die  Anderungen 
klein,  meist  nur  wenige  bar.  Bei  reinen  Gasreaktionen  ware  Q,  zu  verwenden.  Die  Bi- 
lanzgleichung  mit  Berucksichtigung  der  Temperaturabhangigkeit  der  spezifischen 
Warme  und  der  Zersetzung  der  Probe  lautet: 


(1)  Im,(R)  Ci(T)  •AT  = 


f 

2mi(R)Ci(T)  +  mM 

\  I 


CM(T)  +  Imj.Cj(T) 


■AT, 


MS 


R  ist  die  Reaktionskoordinate  (oder  der  Reaktionsumsatz),  uber  die  die  Probenmasse 
ms  und  die  Massen  der  Reaktionsprodukte  mi  bestimmt  werden.  Fur  R  =  0  steht  in  der 
Summe  des  linken  Ausdrucks  der  Gl.{1)  nur  'ms  Cs(T)'.  Die  GroBen  mit  Index  M  gelten 
fur  die  MeBzelle,  der  Summenausdruck  uber  j  erfaBt  weitere  thermisch  inerte  Massen. 
Wenn  nur  die  sich  zersetzende  Probenmasse  auf  der  linken  Seite  beachtet  wird,  steht 
dort  'ms(R)-Cs(T)AT. 

Beim  ARC-Versuch  ohne  Proben-  und  Zersetzungsproduktanalytik  ist  der  Reaktionsab- 
lauf  gemaB  R  unbekannt.  Fur  den  linken  Ausdruck  der  Gl.(1)  verwendet  man  daher 
nur  die  Probenmasse  mj  und  eine  mittlere  spezifische  Warme  Cj,  wobei  auch  deren 
Temperaturabhangigkeit  unberucksichtigt  bleibt,  da  ATms  in  der  Regel  zwischen  30'C 
und  70°C  liegt.  Die  vereinfachte  Form  der  Gl.(1)  ist  die  Gl.(2). 

(2)  ms  ■  Cs  •  AT  =  (mj  •  Cj  +  m^  •  Cm  +  ^^mj  •  Cj) •  AT^s  oder  umgeschrieben 

(3)  AT=(t)ATMs 


mit 
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(4)  =  1  + 

mjCs 

Die  GroBe  (|)  von  Gl.(3)  und  Gl.{4)  wird  die  thermische  Inertheit  des  Systems  Probe-MeB- 
zelle  genannt.  (()  wird  als  KorrekturgroBe  verwendet,  wodurch  der  EinfluB  der  inerten 
Massen  naherungsweise  eliminiert  warden  kann  /!/.  Die  exakte  Korrektur  ist  nach 
Gl.(1)  mdglich.  C;  ist  fQr  organische  Substanzen  im  Mittel  2,092  J/g/K. 


3.  Auswertung  und  Skalierung  adiabatischer  Selbstaufheizkurven 
3.1  Typen  von  adiabatischen  Selbstaufheizkurven 

Die  Abb.  3  zeigt  typische  adiabatische  Selbstaufheizkun/en  fur  verschiedene  Reaktio- 
nen.  Die  zu  ihrer  Berechnung  verwendeten  Arrhenius-Parameter  sind  in  der  Abb.  3 
angegeben.  Die  Anfangstemperatur  Tq  ist  150®C  und  die  Endtemperatur  Tf  =  250°C. 
Die  Kun/en  wurden  fur  (j)  =  1  berechnet,  also  fur  eine  hypothetische  Messung  ohne 
MeBzelle  oder  fur  eine  Messung  mit  vemachlassigbarem  EinfluB  der  MeBzelle.  Die 
Selbstaufheizraten  h(T)  sind  in  den  Achsen  als  lg(ht°C/min])  gegen  l/T  [1/K]  aufgetra- 
gen,  auf  der  Abszisse  als  ®C-Werte  zugeordnet.  Bei  einer  Reaktion  0.  Ordnung  erhalt 
man  bei  dieser  Auftragung  eine  Gerade,  welche  wegen  des  Substanzverbrauchs  bei  Tf 
endet.  FQr  die  Reaktionen  1.,  2.  und  3.  Ordnung  durchlaufen  die  Kurven  ein  Maximum 
und  fallen  bei  Erreichen  von  Tf  auf  null  zurQck.  Mit  zunehmender  Reaktionsordnung  n 
wird  der  Maximumsbereich  breiter.  Die  Kurven  mit  n  0  liegen  bei  diesen  Bedingun- 
gen  unter  der  Kurve  mit  n  =  0.  Anhand  der  Kurvenverliufe  wird  deutlich,  daB  die  Re- 
aktionsordnungen  mit  guter  Genauigkeit  bestimmbar  sind.  In  der  Abb.  3  ist  auch  der 
Verlauf  von  h  fQr  eine  autokatalytische  Reaktion  nach  Gl.(5)  und  Gl.(6)  dargestellt,  mit 
den  AHr^i  als  Reaktionsenthalpien. 

(5)  A— -A1  >B  +  Z  AHr_, 

A  +  B— !^A2_^2B  +  Z  AHr_2 

(6)  =  _k^,(T)  A(t.T)  -  k;,2(T)-  A(t.T)  •  B(t,T) 

Die  primare  Zersetzung  von  A  ist  die  Bildungsreaktion  des  autokatalytisch  wirksamen 
Produkts  B  als  Reaktion  1 .  Ordnung  mit  den  Arrhenius-Parametem  wie  fur  die  ande- 
ren  Kurven  in  Abb.  3.  Die  zweite  Zersetzungsreaktion  ist  die  autokatalytische  Reakti¬ 
on.  Deren  Reaktionsgeschwindigkeitskonstante  kA2  hat  die  in  Klammem  angegebenen 
Arrhenius-Parameter.  Autokatalyse  bedeutet,  daB  ein  Zersetzungsprodukt  B  die  Zer¬ 
setzung  des  Ausgangsstoffs  A  in  einer  zweiten  Reaktion  beschleunigt.  B  ist  im  stren- 
gen  Sinn  kein  Katalysator,  welcher  nicht  verbraucht  wird  und  die  Reaktion  zwischen 
zwei  Reaktanten  durch  Erniedrigen  der  Aktivierungsenergie  und/oder  Erhohen  des 
Vorfaktors  beschleunigt,  also  eine  aktivierungsparameterbeschleunigte  Reaktion  be- 
wirkt.  Autokatalyse  steht  fQr  die  reaktive  zersetzungsproduktbeschleunigte  Zerset¬ 
zung  einer  Ausgangssubstanz. 
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Abb.  3:  Selbstaufheizkurven  fOr  verschiedene  Reaktionsordnungen  und  bei 

Autokatalyse. 


3.2  Bestimmungen  der  Arrhenius-Parameter  aus  der  adiabatischen  Selbst- 
aufheizung 

Zur  Bestimmung  der  Arrhenius-Parameter  der  Reaktionsgeschwindigkeitskonstanten 
kCO  der  Zersetzung  muB  diese  aus  dem  Substanzverbrauch  als  Funktion  von  Tempera- 
tur  und  Zeit  bestimmt  warden.  Dies  wird  in  der  Regel  durch  Analyse  des  Substanzver- 
brauchs  mit  der  Zeit  bei  verschiedenen  Temperaturen  durchgefuhrt.  Dies  gilt  auch  bei 
der  adiabatischen  Selbstaufheizung.  Wenn  die  Zersetzung  nach  einer  definierten  Re- 
aktion  ablauft,  kann  mit  einer  Bilanzierung  von  Substanzverbrauch  und  Temperatur- 
anstieg  und  mit  einem  kinetischen  Ansatz  die  Reaktionsgeschwindigkeitskonstante 
aus  der  Selbstaufheizrate  bestimmt  warden.  Der  Temperaturanstieg  entspricht  der 
freigesetzten  Reaktionswarme  Q^.  Es  warden  dieselben  Approximationen  wie  zur 
Formulierung  der  Gl.(2)  verwendet.  In  Gl.(7)  sind  die  Terme  m^-Q  schon  herausge- 
nommen. 

(7)  C(t,T)  QK(T(t,))-Q,(T(t))  T,-T(t)  ^ 

C(0)  QR(T(tf))  AT  AT^s 

C(t,T)  Menge  (Konzentration,  Masse)  zur  Zeit  t  bei  der  Temperatur  T  =  f(t) 

C{0)  Anfangsmenge  bei  T(0)  =  T,, 

T(t)  Temperatur  der  Probe  zur  Zeit  t  bei  (f*  =  1 
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TmsW  Temperatur  von  Probe  und  MeBzelle  zur  Zeit  t  bei  ij)  1 

AT  adiabatischer  Temperaturanstieg  der  Probe  bei  (j)  =  1 

AT  =  Tf-T(0) 

ATms  adiabatischer  Temperaturanstieg  von  Probe  und  MeBzelle  bei  <|)  1 

ATms  =  TfMs  -  T Ms(0) 

Tf  erreichte  Endtemperatur  der  Probe  bei  (j)  =  1 

TfMs  erreichte  Endtemperatur  von  Probe  und  MeBzelle  bei  ((>  1 

Die  Kombination  mit  einem  reaktionskinetischen  Ansatz  mit  der  Reaktionsordnung  n, 
Gl.(8)  bzw.  Gl.(9). 


(8)  ^^^  =  -k(T)C"(t.T) 

mit  Q(t,'n  =  C(t,'n/C(0)  und  k,(T)  =  kCT)C"'’(0) 
und  Differenzieren  von  Gl.(7),  woraus  GI.(IO)  foigt. 


(10) 


d^__c(^^_  --M.h(T  m 

dt  AT  dt  AT  ATms  ^  ’’ 


1 

ATms 


K^msW) 


ergibt  fur  die  Selbstaufheizrate  dT/dt  =  hOO  die  GI.{1 1). 


h(T(t))  =  k,(T)  •  AT-  fur  <1,  =  1 

(11) 

KTmsW)  =  k,(T).  ATms  .  for  <1)  ^  1 


Mit  Gl.(1 1-1)  wurden  die  Kurven  der  Abb.  3  mit  n  =  1,  2,  3  berechnet.  Gl.(1 1-1)  wird  zu 
den  folgenden  Gleichungen  fOr  die 

•  Reaktion  0.  Ordnung 

(12)  h(T(t))=k,(T).AT=^.AT 


•  Reaktion  1 .  Ordnung 

(13)  h(T(t))  =  k,(T).(T,-T(t))  =k,(T)(T,-T(t)) 
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•  Reaktion  2.  Ordnung 

(14)  h(T(t))  =  k,(T).t[i:^  .k,(T).M.(T,-T(t))^ 

Bei  einer  Reaktion  1 .  Ordnung  ist  h(T)  explizit  unabhSngig  von  C(0),  implizit  abhangig 
jedoch  uber  Tf,  da  Tf  mit  zunehmender  Menge  grSBer  wird.  Zur  Berechnung  der  auto- 
katalytischen  Selbstaufheizung  in  Abb.  3  wurde  foigender  reaktionskinetischer  Ansatz 
venwendet,  Gi.(1 5). 

(15)  =  -k,(T)C,(t,T)  -  k2(T)C,(t.T)(l  -  C,(t.T)) 

Aus  Gi.(15)  wird  mit  Gi.(IO)  die  Gi.(16)  erhaiten,  mit  der  die  autokataiytische  Seibst- 
aufheizkurve  in  Abb.  3  berechnet  wurde. 

(16)  h{T(t))  =k,(T)(T,  -T(t))+k,(TXT,  - T(t))  •  [l - 


130  150  170  190  210  230  250 

Abb.  4:  Seibstaufheizraten  von  reinem  GAP  und  GAP  geiost  in  Toiuoi  und 

Dioxan,  jeweiis  mit  10  Mass.-%  GAP  /2/. 
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3.3  Skalierung  der  Selbstaufheizkurven  zu  <|>  =  1 

Die  Skalierung  der  Selbstaufheizkurven  wird  am  Beispiel  der  adiabatischen  Selbstauf- 
heizung  des  reinen  ungeharteten  GAP  (ICT,  Charge  1  in  Tabelle  2)  und  der  Losung  von 
GAP  in  Dioxan  gezeigt  /2/.  Es  ist  mdglich,  die  Losungskurven  so  zu  skalieren,  daB  sie 
die  gemessene  Selbstaufheizung  des  reinen  GAP  wiedergeben.  Somit  ist  es  auch  mog- 
lich  auf  (()  =  1  zu  skalieren,  was  bedeutet,  daB  keine  thermisch  inerte  Masse  mit  aufge- 
heizt  wird  und  damit  die  adiabatische  Selbstaufheizung  der  reinen  Substanz  mit  der 
Messung  in  L6sung  simuliert  wird.  In  der  Abb.  4  sind  die  Selbstaufheizraten  fur  reines 
GAP  und  GAP  geldst  in  Toluoi  und  in  Dioxan  (jeweils  10  Mass.-%  an  GAP)  angegeben. 
Die  Kurven  der  Ldsungen  haben  eine  definierte  Endtemperatur  Tf^j .  Reines  GAP  hat 
einen  Obergang  zur  Deflagration,  wie  auch  andere  Explosivstoffe  121.  Der  vorherr- 
schende,  geschwindigkeitsbestimmende  erste  Reaktionsschritt  der  GAP-Zersetzung  ist 

-  + 

die  Abspaltung  des  molekularen  Stickstoffs  aus  der  Azidogruppe  C-^-N^NI,  wie  die 
Bindungsenergie  131,  die  massenspektrometrische  Untersuchung  der  Stickstoffzunah- 
me  /4/  und  thermoanalytische  Untersuchungen  /5/  zeigen.  Die  nachfolgenden  Stabili- 
sierungsreaktionen  des  dadurch  entstehenden  Nitrens  laufen  wegen  dessen  hoher 
Reaktivitat  sehr  schnell  ab.  Die  Aktivierungsenergie  der  Azido-  bzw.  GAP-Zersetzung 
sollte  daher  etwa  den  Wert  der  Bindungsenergie  der  RN-Nj-Bindung  haben,  welche  in 
/3/  mit  163,2  kJ/mol  angegeben  wird. 

Tabelle  1:  Arrhenius-Parameter  fur  die  GAP-Zersetzung,  bestimmt  mit  verschie- 
denen  Methoden. 


Methode 

Zitat 

ms 

[mg] 

To 

[•q 

Temp.bereich 

[•c] 

Ea 

[kJ/mol] 

Z 

[1/sl 

lg(z[i/s]) 

N2-Entwicklung, 

Massenspektro- 

metrie 

/4/ 

~25 

-120 

140-170 

176,6 

k.A. 

k.A. 

DTA-Messungen 

(Heizrate-Peak- 

temp.) 

ISI 

(~  2,  k.A.) 

-  190 

220-260 

174,0 

k.A. 

Isotherme  TG 

1,5-2,5 

-170 

180-205 

164,9 

BfM'HI'lM 

14,1 

Nichtisotherme 

TG 

mi 

1,5-2,5 

-170 

180-220 

164,9 

13,8 

Massenverlust/ 

FTIR 

mi 

0,2-0,8 

-240 

240-260 

177,0 

iii^g 

19,0 

NHa-EntwVFTIR 

mi 

k.A. 

-165 

165-260 

170,7 

15,55 

Isotherme  TG 

710/ 

~1 

-170 

170-240 

135,7 

B  H'/ Hf  MB 

13,9 

ARC, 

GAP/Toluol 

m 

592 

167 

175-230 

168,9 

7,814-10’'' 

14,89 

ARC, 

GAP/Dioxan 

ni 

612 

167 

175-230 

170,2 

15,05 

CHa-NatGas) 

mi 

-120 

(155) 

155-200 

170,7 

14,455 

C2H5-N3  (Gas) 

m 

-40-280 

(187) 

187-230 

167,8 

14,519 

k.A.:  keine  Angaben  im  Zitat 
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Die  gefundenen  Aktivierungsenergien  stimmen  gut  mit  der  Bindungsenergie  der  RN- 
N2-Bindung  und  den  in  der  Literatur  gefundenen  Werten,  aufgelistet  in  Tabelle  1, 
Qberein.  Die  fur  die  Zersetzung  der  Azidogruppe  in  den  gasformigen  Aziden  Methyl- 
azid  und  Ethylazid  16,11  aus  Untersuchungen  ihres  unimolekularen  Zerfalls  angegebe- 
nen  Arrhenius-Parametern  geben  die  Aktivierungsenergie  des  geschwindigkeitsbe- 
stimmenden  Reaktionsschritts  wieder. 

Abb.  5  zeigt  die  gemessene  Selbstaufheizrate  der  GAP-Dioxan-Losung  (10  Mass.-% 
GAP  in  90  Mass.-%  Dioxan)  mit  einem  (j)-Faktor  fur  die  Losung  von  1,25.  Miteinge- 
zeichnet  istdie  nach  Gi.(11)  mit  n  =  1  (entsprechend  Gl.(13))  berechnete  Selbstaufheiz- 
kun/e  h(T).  Die  Obereinstimmung  mit  den  MeBdaten  ist  ab  dem  Auswertebeginn  bei 
175°C  sehr  gut.  Die  berechnete  Kurve  ist  bis  140®C  extrapoliert.  Konzentriertere  L6- 
sungen  haben  niedrigere  Anfangstemperaturen  Tq.  Mit  Gl.(11)  kann  h(T)  auch  fOr  an- 
dere  (|)-Falctoren  berechnet  warden.  FQrdie  Faktoren  (j>^  und  (|>2  wird  die  Gl.(11)  jeweils 
fur  das  gesamte  MeBsystem  als  Gl.(17)  und  Gl.(18)  formuliert.  Der  Index  MS  wurde 
weggelassen.  Das  nichtindizierte  T(t)  ist  laufende  Variable. 

(17)  h,(T(t))  =  k,(T(t)).AT,.(^I?l^^j 


(18)  h2(T(t))  =  k,(T(t)) ■  AT,  • 

Nach  Gl.  (3)  gilt; 

AT  =4»,.AT,  =4.2  AT2 

(19)  4>,  (Tf,-T,(0))  =  4.2  AT2 


T„=^AT2+T,(0) 

4>i 

Aus  der  gemessenen  h2(T)-Kurve  kann  damit  h,(T)  berechnet  warden,  Gl.  (20). 


(20)  h,(T(t))  =  k,(T(t))|^AT2 


(h 


AT2+T,(0)-T,(t) 


AT, 


mitTi(t)  =  T(t) 


Mit  Gl.(20)  wurden  die  in  der  Abb.  5  gezeigten  'theoretischen'  Selbstaufheizkurven 
der  Losungen  mit  4.  =  1  und  4.  =  2  berechnet.  Die  Zunahme  des  4>-Faktors  von  1,25  auf  2 
emiedrigt  die  hCT)-Werte  sehr  deutlich. 


150  160  170  180  190  200  210  220  230  240  250  260  270 

Skalierung  der  Selbstaufheizrate  der  GAP/Dioxan-L6sung  auf  ij)  =  1  und 
<|i  =  2.  Die  glatten  Kurven  sind  berechnet,  die  mit  Rauschen  sind  die  MeB- 
kurve  mit  (ji  =  1 ,25  und  die  skalierte  MeBkurve  mit  d)  =  1 . 


170  190  210  230  250  270  290  310  330 

Skalierung  der  Selbstaufheizkurven  von  GAP  gelost  in  Dioxan  (gemessen 
mit  <|)  =  1 2,5  bezogen  auf  GAP-Anteil)  auf  ^  =  6,2  und  <1)  =  1,  beides  glatte 
Kun/en,  und  von  reinem  GAP  gemessen  mit  (j)  =  6,2  und  skaliert  auf  (|)  =  1 . 
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Die  experimentellen  Werte  sind  auch  auf  ij)  =  1  skalierbar.  Die  entsprechende  Formel 
erhalt  man  durch  Division  von  Gl.(17)  mit  Gl.(18)  und  Einsetzen  der  Ausdrucke  von 
Gl.(19),  was  Gl.(21)  ergibt. 


(21) 


h2(T(t))  '  <!», 


+T,(0)-T,(t) 

.Pi _ _ 

Tf2-T2(t) 


_1_ 


mit  folgenden  Gleichsetzungen:  T,(t)  =  T2(t)  =  T(t)  und  7,(0)  =  72(0), 
GroBen  mit  Index  2  fur  die  vorgegebene  Messung 


Die  experimentellen  Daten  h2(7)  werden  nach  Gl.(21)  zu  hi(7)  mit  iti  =  1  skaliert.  Die 
skalierten  experimentellen  Daten  liegen  auf  der  nach  Gl.(20)  berechneten  h(7)-Kurve 
fur  (|),  =  1 .  Zu  Abweichungen  kommt  es,  wenn  7(t)  groBer  als  7^  wird,  die  7emperatur 
des  Maximums  der  gemessenen  Selbstaufheizkurve  h2(7),  da  dann  h2(T)  sehr  schneil 
gegen  null  geht.  Nicht  vorhandene  MeBdaten  sind  selbstverstandlich  nicht  rekonstru- 
ierbar,  so  daB  die  skalierte  experimentelle  Kun/e  unvollstandig  erscheint.  Die  Selbst¬ 
aufheizkurve  von  reinem  GAP,  Abb.  4,  hat  im  mittleren  7eil  etwa  die  gleiche  Steigung 
wie  die  Kurven  der  GAP-Losungen,  was  auf  eine  Shniiche  Aktivierungsenergie  fOr  die 
Zersetzung  des  reinen  GAP  schlieBen  laBt  Der  «|)-Faktor  der  GAP-L6sungen  ist  12,5  be- 
zogen  auf  die  Einwaage  an  GAP.  Das  reine  GAP  defiagriert  bei  den  votiiegenden 
MeBbedingungen  im  Gegensatz  zu  den  GAP-Losungen.  In  der  Abb.  6  sind  die  hCO- 
Kurven  berechnet  nach  Gl.(20)  mit  (ji  =  12,5,  ^  =  6,2  und  (j)  =  1  fOr  GAP/Dioxan  zu  sehen. 
Der  Kurve  mit  41  =  1  entspricht  einer  'Losung  mit  100%  GAP',  also  reinem  GAP,  ohne 
thermisch  inerte  Masse.  Die  Formulierung  'Ldsung  mit  100%  GAP’  weist  darauf  hin, 
daB  die  Zersetzung  formai  wie  in  der  Ldsung  ablauft,  also  ohne  Deflagration.  Die  ex¬ 
perimentellen  Daten  der  GAP/Dioxan-Losung  werden  wie  in  Abb.  5  sehr  gut  durch 
Gl.(20)  wiedergegeben.  Der  iji-Faktor  der  Messung  an  reinem  GAP  ist  6,2.  Diese  MeB¬ 
daten  liegen  noch  gut  auf  der  hCO-Kurve  mit  (|>  =  6,2.  Die  auf  (j)  =  1  skalierten  MeBda¬ 
ten  des  reinen  GAP  werden  gleich  gut  mit  der  h(7)-Kurve  'Ldsung  mit  100%  GAP'  mit  (|) 
=  1  beschrieben.  Die  Messungen  an  reinem  GAP  und  die  Messungen  der  GAP- 
Ldsungen  sind  durch  die  (ji-Skalierung  in  guter  Obereinstimmung. 


4.  Untersuchte  Substanzen 

Von  folgenden  Weichmachem  und  Bindem  wurde  die  adiabatische  Selbstaufheizung 
gemessen: 

58,8  /  41,2  in  Mass.-%  N-Methyl-  /  N-Ethyl-NENA  (Me/Et-NENA),  von  ICI 
DANPE,  1,5-di-azido-3-nitrazapentan,  von  USA 

GAPA,  kurzkettiges  GAP  mit  Nj-Endgruppen  statt  OH-Endgruppen,  von  USA 
A17,  EGBAA,  Ethylenglykol-bis-(a-azidoacetat),  von  IC7 
Octylazid,  von  IC7,  nur  Modelisubstanz,  nicht  fur  den  Einsatz  vorgesehen 
GAP-AA-2000,  GAP  mit  a-Azidoessigsaure  veresterten  OH-Endgruppen,  von  ICT 
GAP-AA-500,  wie  GAP-AA-2000,  jedoch  kurzkettig,  von  ICT 
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PolyGlyn,  (PG),  Poly-Glycidyinitrat,  von  ICI 
GAP,  Poly-Glycidylazid,  von  SNPE 
GAP,  Poly-Glycidylazid,  von  ICT 

Die  Substanzen  wurden  in  Losungen  in  Toluol  p.A.  mit  10  Mass.-%  Gehalt  untersucht. 
Dies  erlaubt  die  Bestimmung  der  Zersetzungsparameter  der  Gesamtreaktion,  wie  es 
oben  an  den  Messungen  mit  GAP  gezeigt  wurde. 


5.  Ergebnisse  und  Diskussion 

In  der  Abb.  7  sind  die  gemessenen  adiabatischen  Selbstaufheizungen  der  untersuch- 
ten  Substanzen  im  Oberblick  gezeigt.  Wegen  der  Uberschneidungen  mit  GAP-AA-500, 
GAP  (ICT)  und  Octylazid  sind  diese  zusammen  mit  GAP  (SNPE)  in  Abb.  8  zu  sehen.  Aus 
den  Abbildungen  ist  der  Temperaturbereich  der  Zersetzung  und  Qber  die  erreichten 
Maximalwerte  der  Aufheizraten  und  deren  'Kurvenbreite'  (Temperaturbereich)  in  an- 
schaulicher  Weise  die  freigesetzte  Energie  quaiitativ  entnehmbar.  Die  Gesamtzerset- 
zungsreaktion  konnte  bei  alien  Substanzen  mit  einer  Reaktion  1 .  Ordnung  beschrie- 
ben  werden.  Bei  Me/Et-NENA  wurde  eine  deutliche  Nachreaktion  gefunden.  Die  ande- 
ren  Substanzen  zeigten  keine  oder  nur  geringfugige  Nachreaktionen.  Die  Abb.  9  zeigt 
die  gesamte  Selbstaufheizkurve  fur  Me/Et-NENA.  Der  zweite  Reaktionsbereich  ist  ver- 
mutlich  die  Zersetzung  der  Nitramingruppe.  Hier  wurde  nur  der  erste  Reaktionsbe¬ 
reich  ausgewertet,  der  der  Zersetzung  der  Salpetersaureestergruppe  zuordnbar  ist.  Die 
Einwaagen  der  Losungen  lagen  zwischen  5,8g  und  6,7g.  Zusammen  mit  den  etwas 
variierenden  MeSzellenmassen  ergaben  sich  thermische  Inertheiten  zwischen  1,21  und 
1,27  fOr  die  Ldsungen  sowie  zwischen  12,0  und  12,7  fOr  die  reinen  energetischen  Sub¬ 
stanzen.  Die  MeBbedingungen  waren  somit  fOr  alle  Substanzen  nahezu  gleich.  Die 
Anfangstemperaturen  der  Zersetzung  liegen  fur  die  Azidoverbindungen  zwischen 
159“C  und  174°C,  bei  den  Salpetersaureesterverbindungen  sind  sie  fur  Me/Et-NENA 
ISO’C  und  fur  PolyGLYN  146°C.  Um  die  restlichen  Einflusse  von  Einwaage  und  (t>-Falctor 
fur  eine  Beurteilung  der  Substanzen  zu  entfemen,  werden  die  Selbstaufheizraten  auf 
(]>  =  1  bezuglich  der  reinen  Substanz  (Tabeile  2)  und  bei  Bezug  auf  die  Losung  neben  ij) 
=  1  auch  auf  die  Einwaage  an  energetischer  Substanz  normiert.  Die  Abb.  10  zeigt  eini- 
ge  der  Substanzen  mit  ihren  Selbstaufheizraten  fur  <1)  =  1  bezuglich  der  Losung.  Im  we- 
sentlichen  bleibt  die  Reihenfolge  erhalten,  aber  bei  Stoffen,  die  ein  ahniiches  Selbst- 
aufheizverhalten  haben,  kann  eine  Umkehr  erfolgen,  wie  bei  GAPA  im  Vergleich  zu 
GAP-AA-2000  zu  erkennen  ist.  Die  wichtigsten  experimentellen  Daten  der  Messungen 
sind  in  der  Tabeile  2  zu  finden,  zusammen  mit  den  Arrhenius-Parametem  fur  eine  Ge- 
samtzersetzungsreaktion  1.  Ordnung  und  einigen  weiteren  Daten  der  Selbstaufhei- 
zung  fur  (|)  =  1  bezuglich  der  reinen  Substanzen,  wie  die  Temperaturen  fOr  vorgege- 
bene  Selbstaufheizraten  h.  Tq  und  ho  sind  die  Anfangswerte  der  adiabatischen  Selbst- 
aufheizung,  Tm  und  hw  die  Daten  des  Maximums  und  Tf  die  Endtemperatur.  Die  Akti- 
vierungsenergien  liegen  fur  die  Azidoverbindungen  zwischen  157  kJ/moi  und  169,4 
kJ/mol.  Me/Et-NENA  und  PolyGLYN  haben  eine  Aktivierungsenergie  von  165,1  kJ/moi 
und  166,8  kJ/mol.  Die  Werte  liegen  in  den  Bereichen  der  Bindungsenergien  der  Bin- 
dung  CN-NN  (163  bis  170  kJ/mol)  der  /^idogruppe  und  der  Bindung  CO-NO2  (160  bis 
170  kJ/mol)  der  Salpetersaureestergruppe.  GAP-AA-500  und  Octylazid  zeigen  etwas 
niedrigere  Aktivierungsenergien.  Bei  Octylazid  konnte  dies  mit  den  relativ  kleinen 
gemessenen  Selbstaufheizraten  zusammenhSngen. 


Adiabatische  Selbstaufheizung  von  Weichmachem  und  Bindern, 
gemessen  in  Toluollosungen  mit  10  Mass.-%  Gehalt,  Tail  1. 


Adiabatische  Selbstaufheizung  von  Weichmachem  und  Bindern, 
gemessen  in  Toluollosungen  mit  10  Mass.-%  Gehalt,  Teil  2. 
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h  rc/min] 


adiabatic  self  heating 
solution  in  toluene,  lOX 
Me/Et-NENA 


140  160  160  200  220  240  260  260  300 

Gesamte  adiabatische  Selbstaufheizung  von  Me/Et-NENA,  gemessen  in 
Toluolldsung  mit  10  Mass.-%  Gehalt. 


h^rc/nin/g] 


adiabatic  self  heating 
solutions  in  toluene,  lOX 


normalized  to 

>  ^=1  (solution) 

▻  solute  mass 


-A17  (EGeAA) 


W-AA-2000 


140  150  170  190  210  230  250  270  290  310 

Abb.  10:  Berechnete  adiabatische  Selbstaufheizungen  einiger  Verbindungen  fOr 

(|)  =1  der  Losung,  normiert  auf  die  Einwaage  an  energetischer  Substanz. 


Tabelle  2:  Charakteristische  Daten  der  adiabatischen  Sefbstaufheizung  von  Weichmachern  und  Bindern  aus  Messungen  an 

Ldsungen  in  Toluol  und  Daten  fflr  zu  (f)  =  1  skalierte  Kurven  der  reinen  energetischen  Substanzen  (nicht  LSsungen). 
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GAPA 

USA 

6,215 

0,615 

1,26 

12,7 

166,3 

0,023 

234,7 

2,12 

249,1 

157,9  1 

UJ 

m 

2204 

henius-Parametern  fiir  di  =  1  bez.  auf  die  reine  Subs. 

115,7 

121,0 

142,4 

150.4 

156,7 

172,0 

178,9 

DANPE 

USA 

6,143 

0,613 

1,27 

12,7 

159,0 

0,028 

251,4 

21,50 

266,4 

Arrhenius-Parameter  und  Reaktionswarme  Qb  berechnet  aus  den  Selbstaufheizkurven 
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LU 
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VO 

LU 

CT 
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5 

n 
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0,612 
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12,0 
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UJ 

rg 
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Aus  den  adiabatischen  Selbstaufheizkurven  ist  auch  die  adiabatische  Warmeentwick- 
lungsrate  zu  erhalten.  Dazu  braucht  man  die  Daten  der  spezifischen  Warmen  des  L6- 
sungsmittels,  des  Reaktanten,  der  Zersetzungsprodukte  und  der  MeSzelle  als  Funktion 
derTemperatur.  Hinzu  kommt  die  jeweilge  Masse  der  beteiligten  Stoffe.  Dber  die  Zer¬ 
setzungsprodukte  ist  zur  Zeit  noch  nichts  bekannt.  In  erster  N3herung  werden  die 
spezifischen  Warmen  so  verwendet  wie  in  Abschnitt  2.2  zur  Berechnung  des  <(»-Faktors 
angegeben.  Damit  werden  die  Warmeentwicklungsraten  nach  Gl.(22)  erhalten. 


(22) 


dt 


dt 


+  c, 


LM 


•m. 


IM  ■ 


dT(t) 

dt 


+  •  m^  • 


cn-(t) 

dt 


Qr 


Cj 

mj 

dT/dt 

Index  S: 
Index  LM 
Index  M 


freigesetzte  Reaktionswarme  in  Energie,  wird  unten  bezogen  auf 
die  Einwaage  an  energetischer  Substanz  angegeben,  dies  ist  nicht 
in  Gl.(22)  enthalten 

spezifische  Warme  der  Substanz  j  in  Energie  /Masse  /Kelvin 
Masse  der  Substanz  j 

gemessene  Selbstaufheizrate  des  Systems  'Energiestoff-L6s.mittel- 
MeSzelle' 

energetische  Substanz 
Ldsungsmittel 

alle  zu  berucksichtigenden  Teile  der  MeBzelle 


Mit  der  Reaktionsenthalpie  fOr  die  Zersetzung  des  Stoffes  A  nach  einer  Reaktion 
1.  Ordnung  erhait  man  die  Warmeentwicklungsrate  dQ^/dt  nach  Gl.(23). 

(23)  =AHr^  k,(T(t))  A(T(to))  exp(-ki(T(t)).t) 


In  den  Abb.  1 1  und  12  sind  mit  GI.(22)  berechnete  dQ/dT-Kurven  fur  die  Weichmacher 
GAPA  und  A17  (EGB/VA)  beispielhaft  gezeigt,  einmal  als  Funktion  derTemperatur  (als 
1/r  mit  T  in  Kelvin)  und  einmal  als  Funktion  der  Selbstaufheizzeit.  In  der  Zeit-Dar- 
stellung  wird  die  unterschiedliche  Reaktionsgeschwindigkeit  erkennbar.  Das  A17  rea- 
giert  erheblich  langsamer  als  GAPA,  da  der  Temperaturanstieg  langsamer  ist.  Durch 
Integration  der  WSrmeentwicklungsrate  als  Funktion  der  Zeit  erhSlt  man  die  freige¬ 
setzte  Reaktionswarme  Qr,  welche  2204  J/g  fOr  GAPA  und  1861  J/g  fur  A17  betragt.  In 
derTabeile  2  sind  auch  die  extrapolierten  Temperaturen  angegeben,  bei  welchen  eine 
W§rmeentwicklungsrate  von  25pW/g  und  50pW/g  zu  messen  ware.  Me/Et-NENA  und 
PolyGLYN  haben  die  niedrigsten  Temperaturwerte,  fOr  25pW/g  sind  sie  85*C  und 
89,6°C.  Die  Werte  der  Azidoverbindungen  iiegen  alle  deutlich  (iber  lOO^C,  zum  Teil 
Qber  110®C.  DANPE  hat  mit  106,1*0  einen  relativ  niedrigen  Wert,  die  Werte  fur  GAP 
Iiegen  um  114*C.  Die  Abb.  13  zeigt  die  adiabatische  Selbstaufheizrate  als  Funktion 
einer  normierten  Selbstaufheizzeit.  Normiert  wurde  mit  dem  jeweiligen  (t)-Faktor  be¬ 
zogen  auf  die  energetische  Substanz.  Die  Selbstaufheizraten  sind  im  Zeitbereich  von  h 
=  0,05°C/min  bis  zu  ihrem  jeweiligen  Maximum  hw  fur  einige  der  untersuchten  Sub- 
stanzen  zu  sehen. 
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Abb.  1 1 :  Adiabatische  Warmeentwicklungsraten  als  Funiction  der  Selbstaufheiz- 

Temperatur  der  Weichmacher  GAPA  und  A17,  berechnet  aus  den  Selbst- 
aufheizraten  in  den  Toluolldsungen. 


der  Weichmacher  GAPA  und  A17,  berechnet  aus  den  Selbstaufheizraten 
in  den  Toluolldsungen. 
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Abb.  13:  Adiabatische  Seibstaufheizrate  als  Funktion  der  mit  (|)  bezuglich  der  ener- 

getischen  Substanz  normierten  Selbstaufheizzeit  von  h  =  O.OS'Qmin  bis 
zum  Maximum  der  Seibstaufheizrate  Hm- 


6.  Zusammenfassung 

Von  neueren  Weichmachern  und  ungeharteten  Bindern  mit  Azidogruppen,  Nitramin- 
gruppen  und  Salpetersaureestergruppen  wurden  die  adiabatischen  Selbstaufheizun- 
gen  in  Toluolldsungen  mit  10  Mass.-%  Gehaltan  Energiestoff  gemessen.  Folgende 
Substanzen  wurden  untersucht:  (1)  Mischung  (58,8  /  41,2  in  Mass.-%)  N-Methyl-  /  N- 
Ethyl-NENA,  (2)  DANPE,  1,5-di-azido-3-nitrazapentan,  (3)  GAPA,  kurzkettiges  GAP  mit 
Nj-Endgruppen  start  OH-Endgruppen,  (4)  A17,  EGBAA,  Ethylengiykol-bis-(a-azido- 
acetat),  (5)  Octylazid,  (nur  Modellsubstanz,  nicht  fur  den  Einsatz  vorgesehen),  (6)  GAP- 
AA-2000,  GAP  mit  a-Azidoessigsaure  veresterten  OH-Endgruppen,  (7)  GAP-AA-500, 
wie  GAP-AA-2000,  jedoch  kurzkertig,  (8)  PolyGLYN,  Poly-Glycidyinitrat,  (9)  GAP,  Poly- 
Glycidylazid,  erster  Hersteller,  (10)  GAP,  Poly-Glycidylazid,  zweiter  Hersteller. 

Mit  Einwaagen  zwischen  0,59  und  0,67  Gramm  an  energetischer  Substanz  wurde  eine 
recht  hohe  MeBempfindlichkeit  erreicht.  Da  die  Messungen  am  geschlossenen  MeBsy- 
stem  vorgenommen  wurden,  ist  eine  Verfalschung  durch  Verdampfen  nicht  gegeben. 
Die  Untersuchungen  in  Losungen  eiiauben  die  kontrollierte  Verfolgung  der  Zerset- 
zungsreaktionen.  Die  reinen  energetischen  Substanzen  wurden  deflagrieren.  Die  An- 
fangstemperaturen  der  Zersetzung  wurden  fur  die  Azidoverbindungen  zwischen 
159°C  und  174°C  bestimmt,  bei  den  Salpetersaureesten/erbindungen  liegen  sie  fiir 
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Me/Et-NENA  bei  130°C  und  fur  PolyGLYN  bei  146“C  Die  MeBdaten  erlauben  eine  Ein- 
ordnung  der  Substanzen  nach  dem  Zersetzungstemperaturbereich,  der  Energiefreiset- 
zung  und  der  Energiefreisetzungsrate.  Die  Arrhenius-Parameter  der  Gesamtzerset- 
zungsreaktionen  und  die  freigesetzten  Reaktionswarmen  Qr  wurden  aus  den  Selbst- 
aufheizkurven  berechnet.  FQr  alle  Substanzen  konnte  eine  Reaktion  1.  Ordnung  fur 
den  Hauptzersetzungsbereich  angesetzt  werden.  Bei  Me/Et-NENA  wurde  eine  deutli- 
che  Nachreaktion  gefunden.  Die  anderen  Substanzen  zeigten  keine  oder  nur  gering- 
fQgige  Nachreaktionen.  Die  Aktivierungsenergien  liegen  fur  die  Azidoverbindungen 
zwischen  157  kJ/mol  und  169,4  kJ/mol.  Me/Et-NENA  und  PolyGLYN  haben  eine  Aktivie- 
rungsenergie  von  165,1  kJ/mol  und  166,8  kJ/mol.  Die  Werte  liegen  in  den  Bereichen 
der  Bindungsenergien  der  Bindung  CN-NN  (163  bis  170  kJ/mol)  der  Azidogruppe  und 
der  Bindung  CO-NO2  (160  bis  170  kJ/mol)  der  Salpetersaureestergruppe.  An  einem 
ausgefuhrten  Beispiel  wurde  gezeigt,  daB  die  gemessenen  Selbstaufheizraten  der  Ld- 
sungen  auf  die  der  reinen  Substanzen  skaliert  werden  konnen.  Mit  solchen  skalierten 
Selbstaufheizungen  wurden  Temperaturen  extrapoliert,  bei  welchen  eine  WSmne- 
entwicklungsrate  von  25pW/g  und  50pW/g  zu  en/varten  ist.  Me/Et-NENA  und  Poly¬ 
GLYN  haben  die  niedrigsten  Temperatunwerte,  fur  25pW/g  sind  sie  85*C  und  89,6®C. 
Die  entsprechenden  Werte  der  Azidoverbindungen  liegen  alle  deutlich  Qber  100°C, 
zum  Teil  uber  110*C.  DANPE  hat  mit  106,1®C  einen  relativ  niedrigen  Wert,  die  Werte 
for  GAP  liegen  um  1 14®C. 
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ABSTRACT 

Alex  powder  (an  ultra-fine  aluminum  powder  produced  by  the  plasma-explosion  process) 
has  been  shown  to  be  a  very  effective  burning  rate  enhancer  for  solid  propellants  and  fuels.  The 
main  objective  of  this  study  was  to  examine  the  effect  of  replacement  of  conventional  aluminum 
powder  with  Alex  in  a  propellant  formulation  on  burning  rate  and  temperature  sensitivity.  Another 
objective  of  this  study  was  to  determine  if  there  is  a  source  of  stored  internal  energy  in  Alex 
powders  that  can  contribute  to  the  enhancement  of  propellant  burning  rates.  Two  types  of 
aluminized  solid  propellants  (formulation  A  and  B)  were  tested  in  this  study.  Propellant  A  contains 
18%  of  conventional  aluminum  particles  with  average  particle  diameters  of  about  30  pm. 
Propellant  B  contains  9%  of  conventional  aluminum  and  9%  of  Alex  particles  with  average  particle 
diameters  of  0.180  pm.  Samples  were  tested  in  an  optical  strand  burner  at  pressures  up  to  50  MPa 
and  propellant  initial  temperatures  from  -32  to  49  “C.  The  addition  of  Alex  particles  to  the 
propellant  formulation  was  shown  to  substantially  enhance  the  burning  rate  of  aluminized  solid 
propellants.  In  comparing  the  temperature  sensitivities  (Op)  of  the  two  propellant  formulations  at 
the  same  conditions,  it  was  found  that  the  Alex  addition  tends  to  increase  the  temperature 
sensitivity  of  the  propellant  formulation.  A  Saint  Robert’s  burning  rate  law  was  determined  for 
both  propellant  formulations  at  several  different  initial  temperatures.  It  was  found  that  the  pressure 
exponent  of  both  propellant  formulations  increases  with  initial  temperature.  A  DTA  was  employed 
to  examine  the  thermal  behavior  of  Alex  powders  in  an  inert  environment.  Two  separate  batches  of 
Alex  powders  were  tested  in  helium  and  argon  environments.  It  was  found  that  there  was  no 
exothermic  heat  release  of  the  Alex  powders  associated  with  a  release  of  stored  internal  energy.  It 
is  concluded  that  the  beneficial  aspects  of  Alex  addition  in  terms  of  enhanced  burning  rate  are 
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caused  by  the  large  specific  surface  area  and  small  size  of  Alex  particles  compared  to  regular 
aluminum  powders. 


INTRODUCTION 

Alex  powder  has  been  shown  to  possess  unique  thermal  behavior,  which  makes  it  a 
potential  burning-rate  enhancer  to  solid  propellants  and  fuels.  Mench  et  al.  [1]  have  previously 
shown  that  Alex  particles  behave  quite  differently  than  conventional  aluminum  particles.  They 
compared  Differential  Thermal  Analysis  (DTA)  and  Thermogravimetric  Analysis  (TGA)  results  of 
conventional  (20  [im  average  particle  diameter)  aluminum  to  Alex  particles  (average  particle 
diameter  0.183  p.m  [2])  in  air,  helium,  nitrogen  and  oxygen  environments.  According  to  Mench  et 
al.  [1],  a  rapid  weight  gain  and  exotherm  of  Alex  particles  in  air  and  nitrogen  environment  occurred 
at  548  °C  and  700  °C,  respectively.  The  lower  temperature  reaction  in  air  corresponds  to  an 
oxidation  reaction.  The  higher  temperature  reaction  in  nitrogen  corresponded  to  an  aluminum 
nitridation  reaction.  At  higher  temperatures,  the  Alex  in  air  also  showed  weight  gain  due  to  a 
nitridation.  In  a  helium  environment,  the  Alex  particle  showed  no  evidence  of  an  exothermic 
reaction  or  solid-phase  mass  changes. 

Alex  powders  was  first  fabricated  by  Ivanov  of  the  Institute  of  Petroleum  Chemistry  of 
Russia  using  a  plasma-explosion  process.  It  has  been  demonstrated  by  Ivanov  and  Tepper  [3]  that 
propellants  containing  Alex  powders  exhibit  burning  rates  5  to  20  times  greater  than  the  same 
propelleuit  formulations  containing  regular  aluminum  powder.  It  was  also  found  that  propellants 
containing  40%  or  more  regular  aluminum  powder  generally  cannot  bum  successfully.  However, 
propellants  containing  from  42  to  75  weight  percent  of  Alex  were  shown  to  bum  at  very  fast  rates. 
In  addition,  AP-based  propellants  containing  Alex  have  been  shown  to  bum  cleanly  with  essentially 
no  residuals,  as  opposed  to  a  significant  amount  of  condensed-phase  particulate  and  surface 
residues  for  AP-based  propellants  containing  conventional  aluminum  powders. 

In  the  combustion  of  solid  fuels  for  hybrid  rocket  applications,  Chiaverini  et  al.  [4,5] 
showed  that  the  mass  burning  rate  of  HTPB-based  solid  fuels  can  be  increased  by  70%  with  a  mass 
addition  of  20%  Alex  powder.  For  the  same  weight  percentage  of  conventional  aluminum,  the 
increase  of  mass  burning  rate  is  much  less  than  70%.  Also,  the  recovered  burning  surface  of  the 
sample  with  Alex  powder  addition  was  much  smoother  than  that  of  the  recovered  sample  with 
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regular  aluminum.  It  was  believed  that  the  Alex  powder  contributed  effectively  to  the  exothermic 
reaction  rate  near  the  fuel  surface  and  thereby  enhanced  the  heat  feedback  to  the  unbumed  solid 
fuel. 

In  spite  of  many  benefits  associated  with  the  usage  of  Alex  powder  described  above,  the 
exact  mechanisms  responsible  for  its  unique  burning  rate-enhancement  behavior  have  remained 
unknown.  One  explanation  for  the  observed  combustion  behavior  of  Alex  is  based  upon  the  fact 
that  the  Alex  particles  are  much  smaller  in  diameter  than  regularly  used  aluminum  particles  [1,2]. 
Ismail  and  Hawkins  [2]  used  a  surface  analyzer  to  construct  BET  plots  from  which  an  average  Alex 
particle  diameter  of  0.183  pm  was  determined.  This  compares  to  6  to  100  pm  for  some  typical  size 
of  aluminum  powders  used  in  propellant  formulations.  They  also  determined  the  Alex  particles  had 
an  aluminum  oxide  coating  thickness  of  0.0019  pm  and  a  specific  surface  area  of  around  12.1  m^/g. 
The  tremendous  increase  in  surface-to-binder  contact  area  was  also  suggested  as  a  reason  for 
enhanced  burning  rate  phenomena.  Ismail  and  Hawkins  [2]  found  that  Alex  retains  more  ambient 
gas  at  surface  sites  than  regular  aluminum  particles;  possibly  due  to  the  increased  specific  surface 
area  of  the  Alex  particles. 

However,  not  all  of  the  observed  phenomena  have  been  explained  on  the  basis  of  specific 
surface  area  and  particle  mass.  Ivanov  and  Tepper  [3]  suggested  that  the  Alex  particle  contains  a 
certain  form  of  stored  internal  energy  on  the  order  of  400  cal/gram,  which  can  be  released  in  an 
exothermic  reaction  at  a  relatively  low  threshold  temperature.  Ivanov  has  suggested  from  DTA 
results  a  significant  exotherm  unique  to  Alex  powder  in  an  air  environment  initiated  at  a  threshold 
temperature  of  450  “C,  with  the  exotherm  peaking  with  partial  oxidation  at  550  “C. 

While  most  investigations  have  shown  beneficial  effects  of  Alex  addition  to  propellant 
formulations,  few  studies  have  directly  compared  similar  propellant  formulations  with  both  Alex 
and  conventional  aluminum  powders.  In  addition,  it  is  desired  to  confirm  the  conclusion  that  there 
is  no  internal  energy  released  for  Alex  powder  not  associated  with  chemical  reaction  [1].  These 
issues  are  the  main  focus  of  this  paper. 
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METHOD  OF  APPROACH 

Burning  Rate  Measurements  in  an  Optical  Strand  Burner 

A  windowed  strand  burner  was  used  to  study  the  combustion  behavior  of  two  types  of 
aluminized  solid  propellants.  A  schematic  diagram  of  the  strand  burner  setup  is  shown  in  Fig.  1 
and  detailed  descriptions  of  the  testing  and  operation  procedures  can  be  found  in  Refs.  6  and  7.  The 
strand  burner  tests  were  conducted  at  an  initial  propellant  temperature  ranging  from  -32  to  49  °C 
and  chamber  pressures  up  to  around  50  MPa.  Two  types  of  aluminized  solid  propellants  (sample  A 
and  B)  were  tested.  Propellant  A  contains  18%  of  conventional  aluminum  particles  with  sizes 
about  30  pm.  Propellant  B  contains  9%  of  conventional  aluminum  and  9%  of  Alex  particles 
(average  particle  diameter  of  0.18  pm).  Cylindrical  test  strands  were  prepared  to  have  a  length  of 
about  7  cm  (2.75  in.)  and  a  diameter  of  6.35  mm  (0.25  in.).  The  propellant  initial  temperature  was 
measured  with  an  embedded  fine-wire  (bead  diameter  ~  25  pm)  S  or  R-type  thermocouple. 

The  steady-state  burning  rate  at  each  chamber  pressure  was  deduced  from  the  output  signal 
of  four  breakwires  inserted  radially  within  the  propellant  strand  at  known  separation  distances.  The 
time  of  the  nearly  instantaneous  drop  in  breakwire  voltage  was  taken  as  the  time  of  arrival  of  the 
burning  surface  at  the  known  breakwire  location.  By  plotting  the  regression  distance  versus 
breakwire  voltage  drop  times,  the  steady-state  burning  rate  was  determined.  In  addition  to  the 
breakwire  data,  the  burning  rate  was  also  deduced  from  the  instantaneous  burning  surface  location 
of  the  test  sample  recorded  by  a  Pulnix  CCD  camera. 

A  plot  of  the  natural  log  of  burning  rate  versus  pressure  was  used  to  determine  the  Saint 
Robert's  burning  rate  law  (rb  =  a-P")  of  the  propellants  at  various  initial  temperatures.  By 
measuring  the  burning  rate  of  test  propellants  at  various  initial  temperatures,  the  temperature 
sensitivity  (Op)  of  the  propellant  is  determined  from  the  following  equation  [8], 
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Thermal  Analysis 

In  order  to  determine  if  Alex  possesses  internal  energy  that  can  be  released  at  some  onset 
temperature  as  suggested  by  Ivanov  and  Tepper  [2],  a  differential  thermal  analysis  (DTA)  of  two 
different  batches  of  Alex  powders  in  argon  and  helium  environments  was  conducted.  The  newer 
batch  (stored  approximately  6  months  at  room  temperature)  was  tested  in  comparison  with  an  older 
batch  (stored  approximately  1 8  months  at  room  temperature)  to  verify  the  findings  and  determine 
any  aging  effects.  Both  batches  of  Alex  were  heated  in  a  helium  and  also  an  argon  environment  at  a 
rate  of  5  °C/min  to  a  maximum  temperature  of  1 100  “C. 


Fig.  1 .  Schematic  diagram  of  the  optical  strand  burner 
RESULTS  AND  DISCUSSION 


Strand  Burner  Experiments 

Figures  2  and  3  show  the  effect  of  initial  temperature  and  chamber  pressure  on  the  burning 
rate  of  propellants  A  and  B,  respectively.  For  each  curve  shown  in  Figs.  2  and  3,  a  pressure 
exponent  (n)  and  pre-exponential  factor  (a)  for  the  Saint  Robert’s  law  were  calculated  to  describe 
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the  propellant  burning  rate  for  a  broad  range  of  pressures.  The  values  of  a  and  n  for  propellants  A 
and  B  are  shown  in  Tables  1  and  2,  respectively.  It  can  be  seen  that  for  propellant  A,  the  pressure 
exponent  increases  with  initial  propellant  temperature,  although  the  pre-exponential  factor  remains 
nearly  the  same.  For  propellant  B,  the  pressure  exponents  are  higher  than  those  of  A  at  the  same 
initial  temperatures.  The  same  trend  of  increasing  pressure  exponent  n  with  increasing  initial 
propellant  temperature  is  seen. 


Table  1  Deduced  Burning  Rate  Law  Coefficients  for  Propellant  A  at  Various  Initial 
Propellant  Temperatures 


Initial  Propellant  Temp.  (“C) 

a 

(cm/s) 

n 

49 

1.995 

0.482 

25 

2.092 

0.390 

-32 

2.125 

0.332 

Table  2  Deduced  Burning  Rate  Law  Coefficients  for  Propellant  B  at  Two  Initial  Propellant 

Temperatures 


Initial  Propellant  Temp.  (“C) 

a 

(cm/s) 

n 

25 

2.538 

0.618 

-32 

3.270 

0.440 

A  comparison  of  the  burning  rates  of  propellant  A  and  B  at  initial  temperatures  of  25  and 
-32  “C  is  shown  in  Figs.  4  and  5,  respectively.  The  burning  rate  of  propellant  B  is  substantially 
higher  than  that  of  propellant  A  under  the  same  test  condition.  This  indicates  that  the  addition  of 
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Alex  to  propellant  formulations  for  partial  replacement  of  conventional  aluminum  can  substantially 
increase  the  propellant  burning  rate  over  a  wide  range  of  propellant  initial  temperatures  and 
pressures. 

The  total  energy  of  oxidation  released  per  unit  volume  of  Alex  particles  is  less  than  that  of 
conventionally  used  aluminum  particles,  having  a  lower  volumetric  percentage  of  inert  oxide 
coating  [1].  However,  the  heat  release  rate  of  the  Alex  particles  during  oxidation  is  greater  than 
that  of  regular  aluminum  particles,  resulting  in  greater  heat  flux  to  the  metalized  propellant 
samples.  It  is  believed  that  several  effects  related  to  increased  heat  flux  to  the  unbumt  propellant 
contribute  to  the  enhanced  burning  rates  seen  for  Alex  propellants.  First,  it  is  believed  that  the  large 
surface  area  of  the  Alex  particle  enhances  its  reactivity  with  gas-phase  species.  Secondly,  due  to 
small  mass  of  Alex  particles,  the  ignition  delay  time  should  be  orders  of  magnitude  shorter  than 
those  of  conventional  aluminum  particles.  Finally,  the  bulk  mass  burning  rate  of  the  Alex  particles 
is  much  higher  than  conventional  aluminum  particles  due  to  the  increased  surface  area  of  the  Alex 
particles.  These  effects  result  in  the  Alex  particles  burning  at  a  high  mass  consumption  rate  in 
locations  very  close  to  the  burning  surface  of  the  propellant.  The  result  is  that  even  though  the  Alex 
particle  carries  a  greater  volume  percentage  of  inert  oxide  than  conventional  aluminum  particles, 
the  heat-flux  feedback  from  the  burning  Alex  particles  to  the  unbumt  propellant  is  higher  than  that 
of  the  conventional  aluminum  particles.  This  effect  contributes  to  the  enhanced  burning  rate  of 
solid  propellants  with  Alex  additives. 

The  data  in  Figs.  2  and  3  were  used  to  generate  the  temperature  sensitivity  (Op)  plot  shown 
in  Fig.  6.  It  should  be  noted  that  the  increasing  trend  in  pressure  exponent  for  both  propellants 
results  in  a  temperature  sensitivity  that  is  increasing  with  propellant  initial  temperature.  This  can  be 
illustrated  by  substituting  the  Saint  Robert’s  burning  rate  law  into  Eq.  (1).  If  the  pre-exponential 
factor  is  assumed  to  be  constant  (which  is  a  more  reasonable  assumption  for  propellant  A  than  B), 
then  the  functional  dependence  of  the  pressure  exponent,  n,  with  respect  to  Ti,  is  what  drives  the 
change  in  temperature  sensitivity  with  initial  propellant  temperature.  Since  n  is  shown  to  increase 
with  initial  temperature  for  both  propellants,  it  is  expected  that  the  temperature  sensitivity  will 
increase  with  initial  temperature.  Figure  6  shows  the  temperature  sensitivity  of  propellant  A 
increases  with  increasing  chamber  pressure  and  initial  temperature,  as  expected.  The  temperature 
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sensitivity  of  the  Alex  propellant  B  is  greater  than  that  of  propellant  A  at  the  same  initial 
temperature  condition,  except  for  the  region  of  very  low  pressure.  At  present,  not  enough  data  is 
available  to  determine  the  true  reason  that  Alex  propellant  B  has  a  higher  temperature  sensitivity 
than  propellant  A. 

Thermal  Analysis 

Figures  7  and  8  are  plots  of  the  DTA  results  in  helium  and  argon  environments  for  the  older 
batch  of  Alex  stored  at  room  temperature  approximately  one  and  a  half  years  after  manufacture. 
Testing  was  conducted  on  a  Perkin  Elmer  2050  DTA  at  a  purge  rate  of  36  cc/min.  These  results 
confirm  the  previous  thermal  analysis  results  of  Mench  et  al.  [1],  conducted  using  a  different  DTA 
machine  (Perkin-Elmer  Model  7700).  There  is  a  slight  exotherm  that  is  observed  at  an  onset  time 
of  around  112  minutes,  which  corresponds  to  580  “C.  This  is  130  “C  above  the  onset  temperature 
of  exothermic  heat  release  determined  by  Ivanov  and  Tepper  [2].  The  slight  exotherms  seen  in 


Fig.  2  Measured  Burning  Rates  of  Propellant  Sample  A  as  a  Function  of  Chamber  Pressure 
at  Several  Initial  Propellant  Temperatures 
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Fig.  3  Measured  Burning  Rates  of  Propellant  Sample  B  as  a  Function  of  Chamber  pressure 
at  Two  Initial  Propellant  Temperatures 
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Fig.  6  Temperature  Sensitivities  of  Propellant  A  and  B  as  a  Function  of  Pressure  at  Several  Initial 

Propellant  Temperatures 
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Figs.  7  and  8  correspond  to  the  slight  oxidation  of  Alex  with  the  small  amounts  of  impurities  in  the 
purge  gas  as  well  as  possible  adsorbed  ambient  air  on  the  Alex  particles  because  the  onset 
temperature  of  this  small  exotherm  is  consistent  with  oxidation  onset  temperatures  observed  in  air 
environments  [1].  It  can  be  seen  that  the  results  are  the  same  for  both  argon  and  helium 
environments.  No  release  of  stored  internal  energy  was  observed  from  these  measurements. 

Figures  9  and  10  are  plots  of  the  DTA  results  in  helium  and  argon  environments  for  the 
newer  batch  of  Alex  stored  at  room  temperature  approximately  six  months.  This  series  of  tests 
were  conducted  to  confirm  that  the  older  batch  of  Alex  obtained  was  not  somehow  tainted,  and  to 
check  if  there  could  be  some  observable  aging  effects.  A  slight  exotherm  that  is  observed  at  an 
onset  of  temperature  time  of  around  1 12  minutes,  which  corresponds  to  580  “C  is  shown  in  both 
figures.  Again,  this  corresponds  to  the  slight  oxidation  of  Alex  with  the  small  amounts  of 
impurities  in  the  purge  gas  as  well  as  the  adsorbed  ambient  species  on  the  Alex  particles.  The 
results  are  the  same  for  both  argon  and  helium  environments.  No  release  of  stored  energy  was 
observed  from  these  measurements,  and  no  discernible  difference  was  determined  between  the  two 
batches  of  Alex  aged  for  different  times. 

Based  upon  this  comparison,  it  can  be  stated  that  if  there  is  any  stored  internal  energy  in 
Alex  powders,  the  energy  is  released  completely  in  six  months  or  less.  Therefore,  it  is  believed  that 
the  beneficial  aspects  of  Alex  in  propellant  formulations  can  be  explained  in  terms  of  the  large 
specific  surface  area  and  short  ignition  delay  times,  associated  with  the  ultra-fine  size  of  Alex 
particles. 


CONCLUSIONS 

1.  It  was  shown  that  the  Alex  particles  substantially  enhance  the  burning  rate  of  aluminized  solid 
propellants.  It  is  believed  that  several  effects  related  to  increased  heat  flux  to  the  burning 
propellant  surface  contribute  to  the  enhanced  burning  rates  seen  for  Alex  propellants.  First,  it 
is  believed  that  the  large  surface  area  of  the  Alex  particle  enhances  its  reactivity  with  gas- 
phase  species.  Secondly,  due  to  small  mass  of  Alex  particles,  the  ignition  delay  time  is 
several  orders  of  magnitude  shorter  than  those  of  conventional  aluminum  particles.  Finally, 
the  bulk  mass  burning  rate  of  the  Alex  particles  is  much  higher  than  conventional  aluminum 
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Fig.  9  DTA  results  for  newer  batch  of  Alex  in  Helium  environment 
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Sample  Heating  Rate:  5  “C/min. 
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Fig.  10  DTA  results  for  newer  batch  of  Alex  in  Argon  environment 
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particles.  These  effects  result  in  the  Alex  particles  burning  at  a  high  mass  consumption  rate  in 
locations  very  close  to  the  burning  surface  of  the  propellant,  resulting  in  greater  heat  feedback 
from  the  burning  Alex  particles  to  the  propellant  surface. 

2.  For  both  propellants  tested,  the  pressure  exponent  is  seen  to  increase  with  initial  propellant 
temperature,  which  results  in  a  temperature  sensitivity  that  increases  with  initial  propellant 
temperature.  Both  propellants  also  exhibited  an  increase  in  temperature  sensitivity  with 
pressure. 

3.  In  comparing  the  temperature  sensitivities  of  the  two  propellants  at  the  same  initial  temperature 
conditions,  it  was  found  that  the  Alex  addition  tends  to  increase  the  temperature  sensitivity  of 
the  propellant. 

4.  Several  DTA  tests  were  conducted  in  argon  and  helium  environments  for  both  an  old  and  a 
newer  batch  of  Alex.  No  release  of  internal  energy  was  observed  for  both  sample  batches. 
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OBSERVATIONS  ON  THE  INFINITE  DIAMETER  DETONATION  VELOCITIES 
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Abstract 

Published  detonation  velocities  for  ammonium  perchlorate  (AP)  systems  have 
been  reviewed  in  order  to  determine  values  for  infinite  diameter  charges. 
These  data  have  been  evaluated  in  both  the  detonation  velocity  -  density  plane 
and  the  detonation  velocity  -  reciprocal  diameter  plane.  The  inter-relationship 
between  these  two  planes  is  discussed  for  both  intermolecular  and  intra¬ 
molecular  formulations.  The  importance  of  particle  size  in  defining  detonation 
velocities  at  infinite  diameter,  D„,  for  AP-containing  formulations  is 
discussed  and  changes  the  interpretation  of  previously  published  conclusions. 
For  AP/wax  systems,  interesting  comparisons  have  been  made  for  formulations 
containing  25  and  200  ^m  AP.  Finally,  comparisons  are  made  between  predictions 
of  detonation  velocities  (using  various  BKW  parameter  sets  in  TIGER)  and 
experimental  data  for  porous  AP. 


Introduction 

Recent  models  of  the  detonation  state  for  two  dimensional  geometries  [1-3] 
yield  predictions  showing  that  a  basic  tenet  of  detonics  (validated  over  the 
years  for  a  wide  variety  of  intramolecular  explosive)  is  invalid  for 
intermolecular  explosives.  This  tenet  states  that  for  charge  diameters  (d's) 
sufficiently  larger  than  the  failure  diameter  there  exists  a  linear 
relationship  between  detonation  velocity  (D)  and  the  reciprocal  of  charge 
diameter  (1/d),  Eqn.  1.  Here  D„  is  the  detonation  velocity  at  infinite  dia- 

D  =  D„  +  M/d  (1) 

meter  and  M,  treated  herein  in  a  generalized  manner,  is  the  slope  in  this  plane 
and  has  the  units  here  of  ram^/^/s.  The  absence  of  this  linear  relationship 
brings  into  question  the  ability  to  predict  D„,  both  experimentally  and 
computationally . 

For  intramolecular  explosives  (e.g.,  RDX,  HMX,  etc.),  these  models  appear  to 
suggest  that  D„  can  be  determined  from  a  linear  D  -  1/d  relationship.  However, 
for  intermolecular  explosives  (e.g.,  AN,  AP,  etc.),  these  recent  models  differ 
among  themselves  in  predicting,  for  the  D  -  1/d  plane,  the  variability  and 
magnitude  of  the  slopes  at  large  diameters  for  similar  compositions.  Thus,  it 
appears  that  values  of  D„  can  only  be  determined  accurately  via  a  computational 
model  of  the  detonation  state  and  an  experimental  data  base,  that  at  the  mini- 
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mum,  comprises  measurements  of  detonation  velocity  as  a  function  of  charge 
diameter.  But  just  as  importantly,  these  computations  must  be  based  upon  a 
valid  -  not  an  approximate  -  model  of  the  detonation  state  in  order  to  obtain 
values  of  D„.  The  inability  to  determine  experimentally  D„  for  intermolecular 
explosives  affects  the  ability  to  calculate  detonation  state  properties  from 
thermoequilibrium  codes  such  as  TIGER,  CHEETAH,  etc.  These  codes  are  calibrated 
against  an  experimental  data  base  in  order  to  provide  some  predictive  cap¬ 
ability  for  the  detonation  state  of  new  explosive  compositions.  Moreover, 
these  calculated  detonation  properties  are  then  used  in  models  of  the 
performance  of  these  explosive  formulations,  e.g.,  late-time  reaction  (behind 
the  sonic  plane)  of  unreacted  ingredients.  Thus,  the  present  inability  to 
determine  unambiguously  values  of  D„  for  intermolecular  explosives  is  a 
significant  deficiency  in  the  application  of  detonation  physics  and,  just  as 
importantly,  also  in  the  fundamental  understanding  of  the  detonation  state  in 
two  (or  three)  dimensions  for  all  explosives.  Fortunately,  these  recent  models 
of  the  detonation  state  are  being  improved  to  minimize  some  of  the 
approximations  used  in  their  development. 

AP  Systems 

In  our  ongoing  work,  we  are  interested  in  understanding  the  detonation  state 
of  ammonium  perchlorate,  AP,  and  its  mixtures.  Since  AP  and  its  mixtures  have 
not  been  applied  extensively  in  the  calibration  of  the  BKW  parameters  used  in 
TIGER,  etc.,  one  of  the  initial  objectives  in  this  work  was  to  review  the  data 
base  of  D-l/d  measurements  for  AP  systems.  This  in  turn  determines  what 
reliable  data  exist  for  the  determination  of  D„  for  AP  systems  and  thus  for 
testing  TIGER  predictions. 

M 

The  detonation  properties  of  AP  have  been  studied  experimentally  only  for  the 
(very)  porous  state.  Anderson  and  Pesante  reported  [4]  detonation  velocities 
of  porous  samples  of  AP  and  confirmed  the  dependence  of  D  on  AP  particle  size; 
their  particle  sizes  were  6  and  13  }im.  (As  with  all  the  particle  size  data 
herein,  these  values  are  the  mean  particles  sizes  for  the  various  batches.) 
Unfortunately,  the  scatter  in  the  measurements  are  significantly  large  at  times 
such  that  a  "valid"  values  of  D„  for  the  various  densities  of  AP  can  not  be 
determined  from  their  data.  (Nevertheless,  they  reported  a  summary  equation 
relating  D  and  density.)  To  have  a  measure  of  their  values  of  D  for  these 
particles  sizes  for  comparison  to  data  from  others,  some  of  their  detonation 
velocities  were  read  from  Figs .  1  and  2  in  Ref .  4 .  These  data  are  summarized 
in  Ref.  5  where  D(min)and  D(max),  respectively,  represent  the  minimum  and 
maximum  detonation  velocities,  observed  at  a  given  diameter  and  density. 

Price,  Clairmont,  Erkman  and  co-workers  built  upon  the  work  of  Anderson  and 
Pesante  and  took  great  care  in  preparing  high  quality  samples  for  their 


31-3 


measurements  and  in  documenting  the  particle  size  distributions  of  the  AP 
batches.  The  data  for  their  porous  AP  samples,  where  charge  densities,  charge 
diameters  and  particle  sizes  were  varied,  are  reported  in  References  6  to  10. 
Their  presentation  of  the  data  for  these  porous  AP  samples  was  primarily  in  the 
D-density  (p)  plane  (Eqn.  2)  with  occasional  representations  in  the  D-l/d 

D  =  Do  +  Y  *  density  { 2 ) 

plane.  (For  intermolecular  explosives,  no  physical  meaning  is  attached  to  Do 
by  this  author.)  For  intramolecular  explosives  Do  is  a  point  which  lies  on  the 
TMD  curve  in  the  D-p  plane.  Do  and  Y  depend  upon  charge  diameter. 

Price,  Clairmont  and  Erlcman  utilized  a  variety  of  batches  (and  hence  particle 
sizes)  of  AP  in  their  extensive  studies  on  AP  systems.  In  their  summary  paper 
on  porous  AP  [  7  J ,  it  was  noted  by  this  author  that  particle  size  was  not 
mentioned.  This  has  been  found  to  be  a  deficiency  in  their  presentation  and 
analyses  of  their  data;  see  Ref.  5  for  a  con^lete  discussion  of  particle  size 
aspects  for  AP  in  Refs.  6-10. 

Linear  fits  (Eqn.  2)  were  defined  [5]  for  the  different  diameters  of  porous 
AP,  and  used  to  generate  D-l/d  data  for  densities  from  0.6  to  1.1  g/cc.  The 
results  are  shown  in  Fig.  1,  illustrating  the  agreement  between  the  calculated 
points  from  the  defined  equations  and  a  calculated  linear  fit  to  these  points. 
In  Fig.  2  the  D(min)  and  D(max)  data  of  Anderson  and  Pesante  are  compared  with 
some  least  square  fits  (see  Fig.  1)  and  the  experimental  data  of  10  pm  AP  of 
Price  et  al.  (symbol  x) .  The  dotted  lines  for  the  1.25  and  1.50  g/oo  10  pm  AP 
samples  represent  an  extrapolation  of  the  trends  seen  in  Fig.  1. 

AP/Al  Systems 

Price,  Clairmont  and  Erkman  studied  several  AP/Al  formulations  to  complement 
their  studies  of  porous  AP.  Their  basic  formulations  were  95/5  AP/Al,  90/10 
AP/Al  and  80/20  AP/Al.  Their  extensive  data  bases  for  all  their  AP/Al  systems 
are  documented  in  Ref.  12  with  Ref.  13  being  their  summary  paper. 

95/5  AP/Al 

As  in  the  case  of  intramolecular  explosives,  Al  was  found  by  Price,  Clairmont 
and  Erkman  to  decrease  the  critical  diameter  when  added  to  AP.  Hence,  the 
linear  fit  to  the  data  in  the  D-p  plane  extended  to  slightly  higher  densities 
for  these  AP/Al  systems.  The  detonation  velocity  measurements  for  95/5  AP/Al 
were  stated  by  Price  et  al.  to  be  among  the  more  precise  measurements  in  their 
AP  studies.  Three  lots  of  AP  were  used;  N-136  with  a  mean  particle  size  of  7.7 
ym,  N-141  with  a  mean  particle  size  of  7.2  pm  and  N-144  with  a  mean  particle 
size  of  9.3  pm.  The  latter  was  used  in  their  main  study  of  95/5  AP/Al  while 
the  other  lots  were  used  for  a  few  comparative  experiments.  The  Al  particle 
size  used  in  most  of  their  mixtures  was  7  pm.  Ref.  12  states  "the  different 
lots  [of  AP]  were  found  to  be  equivalent  in  the  present  work."  Unfortunately, 
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that  is  not  the  situation  for  our  objectives  (as  seen  in  Fig.  8  of  Ref.  5). 

Our  analyses  of  their  detonation  velocity  data  for  95/5  AP( 9 . 3 ) /Al{ 7 )  are 
summarized  in  Fig.  3.  For  the  76.2  and  50.8  mm  diameter  charges,  very  good 
linear  fits  were  found.  Eqn.  3  used  data  from  0.80  to  1.325  g/oo  for  the  76.2 
mm  charges  while  Eqn.  4  used  data  from  0.80  to  1.087  g/cc  for  the  50.8  mm 

D  =  1.147  (.025)  +  2.664  (.015)  *  density  (3) 

D  =  1.076  (.006)  +  2.650  (.006)  *  density  (4) 

charges.  All  the  linear  curves  in  Fig.  3  have  Y  equal  to  2.66.  We  conclude 
from  Fig.  3  that  insufficient  data  exist  for  the  1.91  and  25.4  mm  diameter 
charges  to  generate  values  for  Do  and  Y  (Eqn.  2).  For  the  34.7  mm  charges,  a 
linear  fit  to  the  0.80  and  1.087  g/cc  points  yields  a  value  of  Y  of  2.43. 
However,  because  the  50.8  mm  diameter  data  depart  from  Eqn.  4  somewhere  between 
1.087  and  1.205  g/oc,  it  is  not  clear  that  the  1.087  g/cc  datum  for  the  34.7 
mm  diameter  charges  is  in  its  linear  region. 

For  the  D-l/d  plane,  only  Eqns.  3  and  4  have  been  used  to  define  values  for 
the  determination  of  the  coefficients  of  Eqn.  1  for  densities  between  0.85  and 
1.10  g/cc.  For  the  three  experimental  densities,  both  the  fits  and  experiment¬ 
al  data  are  shown  in  Fig.  4.  (The  dashed  lines  are  extrapolations  of  the 
trends  seen  from  Eqns .  3  and  4 . ) 

90/10  AP/Al 

In  contrast  to  the  95/5  AP(9.3)/Al(7)  measurements.  Price  et  al.  noted  that 
there  was  much  more  scatter  in  the  detonation  velocity  measurements  for  the 
90/10  AP/Al  samples.  The  authors  used  this  formulation  to  explore  more 
extensively  the  influence  of  particle  sizes  on  the  detonation  velocity:  both 
the  AP  and  Al  particle  sizes  were  varied.  The  AP  used  for  their  main  study  on 
90/10  AP/Al  mixtures  was  the  7.2  fm  batch. 

With  the  addition  of  additional  Al,  linear  regions  in  the  D-p  plane  extended 
to  higher  densities  than  for  95/5  AP/Al,  as  can  be  seen  in  Fig.  5.  In  spite 
of  the  scatter  in  these  90/10  AP(7.2)/Al(7)  data,  it  can  be  seen  that  the  slope 
decreases  with  charge  diameter.  Eqns.  5-8  summarize  these  linear  fits  for 
charge  diameters  of  25.4,  34.9,  50.8  and  76.2  mm,  respectively.  These 
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relationships  were  then  used  to  calculate  detonation  velocities  at  various 
densities  and  charge  diameters.  Linear  fits  (Eqn.  1)  were  made  for  densities 
of  0.60  to  1.40  g/cc.  Fig.  6  shows  a  comparison  of  some  of  these  linear  fits 
and  experimental  data  for  densities  of  0.62,  0.90,  1.10  and  1.35  g/co. 
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that  is  not  the  situation  for  our  objectives  (as  seen  in  Fig.  8  of  Ref.  5). 

Our  analyses  of  their  detonation  velocity  data  for  95/5  AP(9.3)/A1{7)  are 
summarized  in  Fig.  3.  For  the  76.2  and  50.8  mm  diameter  charges,  very  good 
linear  fits  were  found.  Eqn.  3  used  data  from  0.80  to  1.325  g/cc  for  the  76.2 
mm  charges  while  Egn.  4  used  data  from  0.80  to  1.087  g/oc  for  the  50.8  mm 
D  =  1.147  (.025)  +  2.664  (.015)  *  density  (3) 

D  =  1.076  (.006)  +  2.650  (.006)  *  density  (4) 

charges.  All  the  linear  curves  in  Fig.  3  have  Y  equal  to  2.66.  We  conclude 
from  Fig.  3  that  insufficient  data  exist  for  the  1.91  and  25.4  mm  diameter 
charges  to  generate  values  for  Do  and  Y  (Eqn.  2).  For  the  34.7  mm  charges,  a 
linear  fit  to  the  0.80  and  1.087  g/cc  points  yields  a  value  of  Y  of  2.43. 
However,  because  the  50.8  mm  diameter  data  depart  from  Eqn.  4  somewhere  between 
1.087  and  1.205  g/oc,  it  is  not  clear  that  the  1.087  g/cc  datum  for  the  34.7 
mm  diameter  charges  is  in  its  linear  region. 

For  the  D-l/d  plane,  only  Eqns.  3  and  4  have  been  used  to  define  values  for 
the  determination  of  the  coefficients  of  Eqn.  1  for  densities  between  0.85  and 
1.10  g/co.  For  the  three  experimental  densities,  both  the  fits  and  experiment¬ 
al  data  are  shown  in  Fig.  4.  (The  dashed  lines  are  extrapolations  of  the 
trends  seen  from  Eqns .  3  and  4 . ) 

90/10  AP/Al 

In  contrast  to  the  95/5  AP(9.3)/A1(7)  measurements.  Price  et  al.  noted  that 
there  was  much  more  scatter  in  the  detonation  velocity  measurements  for  the 
90/10  AP/Al  samples.  The  authors  used  this  fomulation  to  explore  more 
extensively  the  influence  of  particle  sizes  on  the  detonation  velocity:  both 
the  AP  and  Al  particle  sizes  were  varied.  The  AP  used  for  their  main  study  on 
90/10  AP/Al  mixtures  was  the  7.2  fan  batch. 

With  the  addition  of  additional  Al,  linear  regions  in  the  D-p  plane  extended 
to  higher  densities  than  for  95/5  AP/Al,  as  can  be  seen  in  Fig.  5.  In  spite 
of  the  scatter  in  these  90/10  AP( 7 . 2 )/Al( 7 )  data,  it  can  be  seen  that  the  slope 
decreases  with  charge  diameter.  Eqns.  5-8  summarize  these  linear  fits  for 
charge  diameters  of  25.4,  34.9,  50.8  and  76.2  ram,  respectively.  These  relation¬ 
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ships  were  then  used  to  calculate  detonation  velocities  at  various  densities 
and  charge  diameters.  Linear  fits  (Eqn.  1)  were  made  for  densities  of  0.60  to 
1.40  g/cc.  Fig.  6  shows  a  comparison  of  some  of  these  linear  fits  and 
experimental  data  for  densities  of  0.62,  0.90,  1.10  and  1.35  g/co. 
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80/20  AP/Al 

Charges  of  80/20  AP(9.3)/Al{7)  were  prepared  using  AP  lot  N-144.  Fig.  7 
shows  the  data  for  0.826  and  1.136  g/cc  charges  and  linear  fits  to  the  data. 

AP/Hax  Formulations 

Price,  Erkman,  Clairmont  and  Edwards  studied  waxed  mixtures  of  AP.  [11,14] 
The  concentrations  of  the  additive  were  5,  10,  20  and  31.5%.  The  particles 
sizes  of  AP  from  the  various  lots  were  25,  28  and  200  }m.  The  wax  had  a 
particle  size  of  125  pm. 

95/5  AP/wax 

The  95/5  AP( 28 ) /wax(  125 )  charges  were  studied  at  two  densities  (1.025  and 
1.250  g/cc)  and  various  diameters.  Their  detonation  velocity  data  are  shown 
in  Fig.  8.  The  higher  density  charges  show  a  feature  that  was  found  to  be 
typical  of  AP/wax  and  AP/HMX  formulations,  namely  non-linear  characteristics 
in  the  D-l/d  plane  (as  discussed  in  the  Introduction).  A  third  order 
polynomial  fit  to  the  1.250  g/cc  data  is  shown  in  the  figure.  (In  Ref.  11,  two 
linear  regions  had  been  fitted  to  the  1.250  g/cc  data.) 

90/10  AP/wax 

The  90/10  AP(25) /wax( 125)  charges  were  studied  at  two  densities  (0.940  and 
1.201  g/cc)  and  various  diameters.  Fourth  order  polynomial  fits  have  been  made 
to  these  data  as  shown  in  Fig.  9.  These  data  extend  to  much  smaller  diameters 
than  found  in  either  the  AP  or  AP/Al  studies.  (In  Fig.  4  of  Ref.  11,  two 
linear  regions  again  had  been  fitted  to  both  data  sets.) 

80/20  AP/wax 

The  80/20  AP( 25 ) /wax( 125 )  charges  were  studied  at  two  densities ( 0 . 901  and 
1.101  g/oo)  and  various  diameters.  Fourth  order  polynomial  fits  have  again 
been  made  to  these  detonation  velocity  data,  as  shown  in  Fig.  10.  (In  Ref.  11, 
two  linear  regions  again  had  been  fitted  to  the  data.)  These  data  (as  well  as 
those  for  90/10  AP/wax  in  Fig.  9)  show  that  at  very  small  diameters  the  lower 
density  charges  have  the  higher  detonation  velocities  for  a  given  diameter. 

68.5/31.5  AP/wax 

The  68.5/31.5  AP( 28 ) /wax( 125 )  charges  were  studied  at  0.826  and  1.006  g/cc 
and  various  diameters.  As  seen  in  Fig.  11,  this  formulation  appears  to  show 
the  traditional  linear  relationship  in  the  D-l/d  plane.  However,  the  fact  that 
the  two  curves  cross  at  small  diameters,  as  seen  above  in  Fig.  10  for  80/20 
AF( 25 ) /wax( 125 )  charges,  suggests  the  possibility  that  non-linear  behavior  may 
manifest  itself  at  very  large  diameters. 
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Discussion 

The  D-densitv  (D-pl  plane  and  the  D-l/d  plane 

Our  initial  objective  for  this  paper  was  to  select  values  of  D„  that  could 
be  used  to  guide  the  standardization  of  thermoequilibrium  codes  for  AP  systems. 
Much  of  the  detonation  velocity  data  that  we  have  reviewed  herein  had  been 
displayed  in  the  D-p  plane  (Eqn.  2)  in  the  original  publications.  However,  it 
is  important  to  understand  how  these  data  transpose  to  the  D-l/d  plane  (Eqn. 
1)  since  it  is  the  latter  where  D„  selections  are  made. 

For  intramolecular  explosives,  the  HBX-1  data  set  [15]  {detonation  velocities 
as  a  function  of  density  and  charge  diameter)  has  served  as  a  reference  for 
Group  1  behavior .[  1 6 ]  The  summarized  HBX-1  data  set  [12]  has  been  used  to 
display  the  HBX-1  data  in  the  D-l/d  plane.  Fig.  12,  for  a  variety  of  densities. 
It  is  evident  that  as  the  density  decreases  from  TMD  (1.76  g/cc),  the  slope  (M) 
increases.  This  contrasts  with  the  pattern  seen  herein  for  AP  systems  (see 
Figs.  1  and  4)  and  is  a  manifestation  of  the  differences  between  Group  1  and 
Group  2  characteristics  discussed  in  Ref.  16.  However,  in  contrast  to  the 
general  behavior,  our  analyses  have  indicated  that  it  is  not  obvious  that  the 
Group  2  systems,  as  displayed  in  the  D-p  plane,  always  have  decreasing  values 
of  Y  (Eqn.  2)  as  a  function  of  decreasing  charge  diameters  (a  major  tenet  of 
a  Group  2  material).  The  difficulty  when  analyzing  data  in  the  D-p  plane  is 
the  determination  at  what  density  the  measurements  begin  to  depart  from  a 
linear  dependency.  This  is  especially  pertinent  for  the  smaller  charge 
diameters  where  this  departure  may  occurred  at  densities  that  are  not  too  far 
above  a  "stable  packing  density"  of  the  granular  materials. 

The  data  for  90/10  AP{ 7 . 2 ) /Al(7 )  in  Fig.  5  definitely  support  the  Group  2 
description  as  proposed  by  Price.  In  the  D-l/d  plane,  the  values  of  M  increase 
with  increasing  density,  the  opposite  of  that  observed  for  the  Group  1  data  of 
Fig.  12.  On  the  other  hand,  the  10  pm  AP  data  [5]  and  perhaps  the  95/5 
AP{9.3)/Al(7)  data  of  Fig.  3  (76.2  and  50.8  mm  diameters)  show  "very  similar" 
values  of  Y  in  the  D-p  plane.  In  the  D-l/d  plane  these  data  suggest  values  of 
M  which  vary  very  slightly  with  increasing  densities.  Hence,  the  following 
generalities  have  been  observed.  If  values  of  Y  in  Eqn.  2  decrease  for 
increasing  charge  diameters,  then  values  of  M  decrease  with  increasing  density 
(Group  1).  If  values  of  Y  increase  for  increasing  charge  diameters,  then  the 
values  of  M  increase  with  increasing  density  (Group  2).  If  values  of  Y  are 
nearly  identical,  then  the  values  of  M  are  nearly  identical  for  the  various 
densities . 

Particle  Size  and  Infinite  Diameter  Detonation  Velocity 


It  is  well  known,  and  illustrated  herein  and  in  Ref.  5,  that  the  particle 


X  AP(25)/wax(1 25) 
1.201  g/cc 
•  AP(25)/wax(1 25) 
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sizes  of  the  AP  and  other  ingredients  in  the  AP-oontaining  formulations  play 
major  roles  in  determining  the  detonation  velocities  of  the  systems.  Although 
Price  et  al.  documented  very  well  these  particle  sizes  measurements  in  the 
various  technical  reports,  these  particles  size  aspects  were  not  always 
sufficiently  detailed  in  their  literature  (summary)  publications.  Examples  of 
this  include  the  differences  between  7.8  and  10  pm  AP  systems  (Fig.  -2)  and 
AP/Al  systems  (see  Ref.  5).  These  latter,  and  important,  observations  were  not 
included  in  the  summary  paper  on  AP/Al  systems.  Ref.  13.  For  our  purposes  it 
is  very  important  to  have  values  of  D„  that  are  independent  of  particle  size, 
as  well  as  to  understand  how  variations  in  particle  size  have  affected 
detonation  velocities  for  the  various  systems  that  have  been  studied. 

As  noted  in  the  Introduction,  it  should  not  be  assumed  that  Eqn.  1  will 
describe  experimental  data  sets.  Bence,  we  have  primarily  looked  for 
variations  to  a  linear  fit  before  accepting  that  Egn.  1  is  the  best  fit  to  the 
data.  The  data  of  Price  et  al.  from  Ref.  7  for  porous  10  pm  AP  samples  appear 
to  fit  a  linear  dependency  fairly  well.  Both  Anderson  and  Pesante  and  Price 
et  al.  defined  coefficients  for  Egn.  2  for  infinite  diameter  charges  and, 
lacking  a  defined  associated  particle  size,  they  implied  that  the  coefficients 
are  independent  of  particle  size.  We  do  not  agree  with  their  conclusions. 
Based  upon  observations  from  Fig.  2,  values  of  D„  for  1.0  g/cc  samples  will 
most  likely  be  at  least  0.15  mm/ps  higher  than  3.75  mm/ps,  the  intercept  in 
Fig.  2.  Similar  arguments  can  be  made  for  the  1.25  g/co  samples. 

For  the  AP/Al  systems,  the  same  uncertainty  exists  about  the  influence  of  the 
AP  particle  size  on  any  extrapolation  to  infinite  diameter.  However,  there  is 
also  the  uncertainty  of  whether  the  Al  is  participating  (either  fully  or 
partially)  in  the  reaction  before  the  sonic  plane.  Hence,  the  extrapolation 
of  any  AP/Al  data  set  has  potential  particle  size  effects  associated  with  both 
ingredients . 

From  the  Price,  Clairmont,  Erkman  and  Edwards  data  sets  for  AP/wax  it  is 
evident  that  the  selection  of  any  value  for  D„  for  these  systems  is  very 
uncertain.  (On  the  other  hand,  these  data  sets  are  invaluable  for  understand¬ 
ing  the  reaction  kinetics  of  the  detonation  state  of  these  intermolecular 
formulations.)  Price  et  al.  used  two  linear  fits  to  the  data  in  Figs.  8,  9  and 
10.  We  have  used  polynomial  fits  to  illustrate  the  difference  in  Do,  values 
that  result  from  these  two  different  interpretations.  Which,  if  any,  of  these 
two  procedures  is  valid  is  uncertain.  As  stated  in  the  Introduction, 
determination  of  these  D„  values  appears  to  require  numerical  calculations 
using  an  accurate  model  of  the  detonation  state  and  experimental  D-l/d  data 
sets,  such  as  shown  in  Figs.  8-10.  (Nevertheless,  the  experimental  data,  for 
AP/Al  and  AP/wax  shown  in  the  various  figures,  do  provide  estimates  of  the 
lower  bounds  of  D„  when  extrapolated  (1/d  =  0)  and  hence  do  provide  some 
guidance  for  standardization  of  TIGER,  etc.) 
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A  very  intriguing  example  of  the  particle  size  influence  for  AP  is  shown  in 
Fig.  9  for  90/10  AP/wax  formulations.  For  AP  and  AP/Al  formulations  having  8- 
10  fjm  AP,  detonation  velocities  are  higher  than  for  formulations  containing 
larger  AP  particle  sizes  (e.g.,  25  pm).  For  90/10  AP/wax  systems,  the 
detonation  velocities  for  1.07  g/cc  90/10  AP(200) /wax( 125)  samples  at  diameters 
of  63.5  and  76.2  mm  are  nearly  equal  to  detonation  velocities  for  1.20  g/cc 
samples  of  90/10  AP(25)/wax( 125)  at  the  same  (respective)  diameter.  (The  value 
of  D  for  90/10  AP(200)/wax(125)  at  50.8  mm  is  indicative  of  the  much  larger 
critical  diameter  of  90/10  AP(200)/wax{125)  relative  to  90/10  AP(25) /wax{ 125) . ) 
These  observations  are  most  intriguing  and  allows  one  to  ask  questions  such  as, 
whether  this  particle  size  effect  levels  off  beyond  about  30  pm,  whether  there 
is  a  maximum  reduction  in  detonation  velocity  for  a  particle  size  hetween  30 
and  200  pm,  whether  the  fracture  of  the  200  pm  particles  during  the  pressing 
process  produced  enough  smaller  particles  to  "mimic"  a  30  pm  mixture  or  whether 
a  combination  of  the  latter  with  an  earlier  possibility  is  more  likely.  Only 
future  work  can  begin  to  answer  these  questions. 

Prediction  of  Detonation  Velocity 

The  selection  of  D„  values  for  AP-containing  formulations  was  to  guide  the 
selection  of  parameters  to  be  used  for  the  BKM  EOS  in  TIGER  and/or  CHEETAH. 
Although  D„  values  for  these  AP  system  are  uncertain  (as  discussed  above),  we 
can  explore  the  trend  in  predicted  detonation  velocities  resultant  from  the 
recent  BKW  parameter  sets,  namely  BKWR  vs.  BKWS  vs.  BKWC.  These  parameter  sets 
differ  in  the  methodology  and  data  bases  used  to  standardize  the  parameters. 


In  Table  I  are  velocities  and  temperatures  calculated  for  the  detonation 
state  for  two  densities  of  AP.  They  were  calculated  using  the  three  BKW  sets 


Table  I.  Calculated  Detonation  State  Values  using  Three  BKW 
Composition 


AP 


AP 


AP 


Parameter 

Sets  and  the 

TIGER  code 

Density 

Temperati 

g/cc 

mm/ps 

BKWR 

“K 

1.00 

4.05 

1854 

1.95 

6.49 

BKWS 

1497 

1.00 

4.02 

2008 

1.95 

6.96 

BKWC 

1984 

1.00 

3.68 

1902 

1.95 

6.42 

1772 
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(see  Ref.  17)  and  TIGER.  A  comparison  of  the  1.00  g/cc  detonation  velocities 
with  the  data  in  Fig.  2  shows  that  BKWC  yields  too  low  a  velocity  while  the 
BKWR  and  BKWS  values  are  consistent  with  an  estimate  of  D„  for  infinitely  small 
AP  particles .  Comparing  temperatures  among  the  three  sets  shows  that  BKWR  has 
much  too  low  a  value  at  1.95  g/cc.  (One  important  change  from  BKWR  to  BKWS  and 
BKWC  is  the  value  for  the  parameter,  8,  that  plays  a  major  role  in  determining 
the  temperature  of  the  detonation  state.)  The  data  in  Table  I  illustrate  the 
need  and  importance  to  standardize  the  complete  BKW  parameters  set  (including 
covolumes)  for  AP-containing  formulations.  Such  an  effort  is  currently 
underway . 
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Zusammenfassung 

Fur  den  SplitterbeschuR  nach  MIL-STD-2105B  sind  „Projektilbildende  (EFP) 
Ladungen"  mit  16  g  Belegungsmasse  besonders  geeignet.  Die  geforderte 
Geschwindigkeit  von  2530  m/s  wird  bereits  mit  einer  Sprengladungsmenge  von  80  g 
erreicht.  Drei  bis  funf  EFP-Generatoren  konnen  simultan  mit  einer  zeitlichen 
Streuung  von  weniger  als  1  ps  Oder  mit  jeder  gewiinschten  Zeitdifferenz  geziindet 
werden.  Die  Splitter  treffen  den  gewiinschten  Ort  auf  der  Munition  mit  sehr  hoher 
Genauigkeit.  Diese  Splittergeneratoren  ergeben  keine  wurfelformigen  Splitter  von 
12,6  mm  Kantenlange.  Die  Projektile  sind  haibkugelformig  geformt.  WCirfelformige 
Splitter  haben  jedoch  je  nach  Trefferlage  -  Seitenflache  Oder  Wiirfelkante  -  um  den 
Faktor  2  unterschiedliche  Grenzgeschwindigkeiten.  Deshalb  werden  mit 
haibkugelformigen  Splittern  weitaus  besser  reproduzierbare  Ergebnisse  erhalten. 


Summary 

EFP  charges  with  16  g  liner  mass  will  be  very  suitable  for  the  fragment  impact  tests 
of  the  MIL-STD-2105  B.  They  give  the  required  velocity  of  2530  m/s  with  about  80  g 
HE.  3  to  5  EFP  generators  can  be  fired  simultaneously  with  less  than  +  1  ps  jitter  or 
with  any  intended  time  differences.  The  fragments  can  be  very  accurately  aimed  to 
the  wanted  hit  position  on  the  test  item.  These  low  cost  devices  give  no  cubic 
fragments  with  12.6  mm  side  length;  they  are  hemispherically  shaped.  But  cubic 
fragments  have  more  than  a  factor  of  2  threshold  velocity  differences,  depending  on 
side-on,  edge-on  or  tip-on  impacts.  Therefore  much  more  reliable  results  are 
achieved  with  a  hemispherical  fragment  shape. 
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1.  MIL-STD-2105  B  requirements 

The  MIL-STD-2105  B  requires  for  the  acceptance  of  an  ..Insensitive  Munition"  the 
survivability  or  at  ieast  no  violent  reactions  on  fragment  impacts  <1>.  Under  the 
preferred  test  procedure  §  5. 2.4.2. 1.  mild  steel  cubes  of  12.7  mm  side  length  should 
hit  the  test  item  with  a  velocity  of  2530  m/s  ±  90  m/s  and  with  at  least  two  fragments, 
but  not  more  than  five  fragments. 

In  USA  -  a  fragment  generator  FRAGMAT  with  50  kgs  -  90  kgs  high  explosive. 
Composition  B.  is  used  with  a  central  point  initiation  <2>.  or  With  the  NAWC 
FRAGMAT  launcher  1 8.3  kg  Octol  with  a  5  point  multi  initiation  opposite  to  25  or  only 
5  cubic  fragments  (Fig.  1)  <3>.  Such  a  high  amount  of  explosives  is  not  only 
generating  an  enormous  blast  effect  but  will  also  load  the  target  additionally.  Further 
such  an  amount  of  high  explosives  can  not  be  used  at  many  test  ranges,  at  least  in 
Europe.  Also  the  hit  position  of  the  fragments  is  not  very  well  controlled.  For  catching 
the  natural  fragments  built  by  the  axial  confinement  originally  made  of  steel.  75  mm 
to  100  mm  thick  RHA  shielding  is  necessary  to  avoid  perforation  or  to  overcome 
spall  fragments  from  the  shield  <4>.  This  problem  is  drastically  reduced  by  using 
tungsten/epoxy  confinement,  produced  with  a  special  molding  process  <3>, 

Under  §  5.2.4.2.2.  an  alternative  test  procedure  #1  is  described  where  a  ..single" 
16  g  mild  steel  fragment  with  12.7  mm  diameter  and  14.7  mm  cylindrical  length  and 
an  additional  cone  of  1 40°  on  its  front  side  can  be  used. 

Under  §  5. 2. 4. 2. 3.  an  alternative  test  procedure  #2  is  given  where  the  test  setup, 
fragment  characteristics  and  passing  criteria  shall  be  designed,  based  on  the  threat 
hazard  analysis  (THA)  to  address  fragment  threats  for  tactical  situations.. 

The  author  has  the  impression  that  the  ..trial  inventors"  had  problems  to  test  the 
different  items  with  the  16  g  cubical  fragments  launched  by  HE  generators  with 
2530  m/s.  On  one  hand,  this  is  an  extremely  high  velocity  which  may  occur  on  static 
targets  but  at  least  very  seldom.  On  the  other  hand,  the  necessary  amount  of  high 
explosives  to  launch  such  fragments  creates  also  a  lot  of  technical  problems. 

The  alternative  test  procedure  #1  is  a  practical  compromise  to  reduce  the 
requirement  now  to  the  impact  by  a  single  mild  steel  fragment  with  a  cylindrical 
shape  and  to  launch  this  fragment  from  a  powder  gun  with  1 830  m/s. 
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The  alternative  test  procedure  #2  gives  a  further  compromise,  certainly  imposed  by 
the  threat  hazards  analysis. 

To  conduct  the  multiple  fragment  impacts  with  the  required  velocities  -  2530  m/s  ± 
90  m/s  and  precise  impact  location  -  either  on  the  main  charge  or  on  the  most  shock 
sensitive  location  of  the  munitions,  DRI  has  designed  and  used  a  dual  powder  gun 
with  two  extremely  long  40  mm  barrels  arranged  in  a  special  mobile  shelter  <4>. 
Special  problems  were  coming  up  to  achieve  the  velocities  by  changing  the  test  site. 
No  remarks  are  given  on  the  simultaneity  of  the  two  fragments.  The  reactivity  of 
confined  high  explosive  charges  is  changing  by  the  time  difference  of  the  fragment 
impacts  <5>. 

4  such  preformed  fragments  can  be  also  simultaneously  launched  by  a  very  special 
laboratory  gun  <6>.  This  is  generally  also  an  expensive  tool.  For  the  installation,  the 
gun  needs  a  concrete  base  (Fig.  2).  The  hit  positions  of  the  individual  fragments  on 
the  AURs  (all  up  rounds)  are  relatively  well  defined. 

Launching  of  16  g  fragments  with  an  EFP -design  to  velocities  of  2530  m/s  is  no 
problem  at  all.  It  can  be  used  also  mild  steel  for  the  fragments.  Only  the  shape  will 
not  be  cubical.  But  a  cubical  shape  is  also  changed  to  a  conical  or  hemispherical 
front  after  perforation,  also  of  thin  target  material.  The  orientation  of  a  cubical 
fragment  on  a  HE  surface  has  a  very  great  influence  on  the  threshold  values  for 
initiation  (Fig.  3)  <7>.  More  reliable  results  can  definitely  be  achieved  by  a 
hemispherical  front  face  of  the  fragment. 

A  large  number  of  tests  were  conducted  by  the  author  with  40  g  heavy  EFP- 
fragments  to  find  the  threshold  values  of  confined  high  explosive  charges  with 
different  barrier  or  cover  plate  thickness  at  2.400  m/s  impact  velocities  <5>. 


2.  Fragment  threat 

The  author  criticized  this  unrealistic  requirement  in  his  presentations  on  the 
„Propulsion  and  Energetic  Panel,  78"'  Specialist’  Meeting  held  in  Bonn  1991  which  is 
published  in  the  AGARD-CP-511  <8>  and  at  the  binational  German  French 
workshop  at  the  Institute  Saint  Louis  in  November  1992  <9>. 

Boggs  showed  in  his  paper  „Hazards  of  energetic  materials  and  their  relations  to 
munitions  survivability"  the  fragment  threat  as  a  function  of  fragment  mass  and 
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velocity  and  in  a  rough  way  their  probability  of  occurring  <10>.  His  diagram  shows 
that  the  16  g  fragment  with  2530  m/s  is  beyond  the  threat  range  (Fig.  4).  A  fragment 
of  exactly  2050  m/s  with  73  g  has  a  higher  frequency  of  appearing.  A  further  critical 
fragment  but  roughly  around  1  %  of  the  frequency  compared  to  the  73  g  fragment,  is 
a  fragment  with  430  g  with  a  velocity  of  1280  m/s.  These  two  fragments  represent  a 
much  higher  threat  to  our  munitions  compared  to  the  unrealistically  fast  fragment,  as 
the  Fig.  5  and  Fig.  6  after  Wagenhals  show  in  which  the  perforation  of  steel  barriers 
of  different  wall  thicknesses  are  additionally  presented  with  two  different  equations 
(THOR,  respectively  FATE)  <11>. 


3.  EFP  fragment  generator 

For  the  layout  of  the  fragment  generator  as  an  EFP  charge  with  the  liner  and  charge 
geometry,  assistance  was  given  by  Weimann  <12>.  A  mild  steel  liner  (ARMCO-lron) 
with  a  mass  of  exactly  16  g  was  used  (Fig.  7).  To  ensure  no  liner  mass  is  lost  by  the 
launch  process,  a  radial  confinement  or  a  so-called  spallring  is  used  with  a 
hexagonal  shape  to  get  also  a  very  well  controlled  rear  or  base  formation.  The 
weight  of  the  cast  high  explosive  charge  of  Comp.  B  3  is  only  around  80  g.  By  firing  2 
to  5  charges  the  total  amount  of  detonating  high  explosive  is  160  g  to  400  g  which  is 
extremely  less  compared  to  FRAGMAT  generators  of  18300  g  to  50000  g.  This  gives 
no  blast  load  at  all  to  the  test  item  in  a  few  meters  distance. 

Three  16  g  EFP-fragment  generators  were  fired  simultaneously  in  front  of  2  flash  X- 
ray  tubes  with  double  exposure  after  500  |is  and  700  ps  (Fig.  8).  The  axial  distances 
of  the  fragment  generators  were  80  mm.  They  were  glued  in  plastic  tubes  which 
were  fixed  in  a  19  mm  thick  plywood  (Fig.  9).  Then  they  were  individually  oriented  to 
the  target  by  a  laser. 

The  flash  X-ray  shows  the  designed  velocity  of  2500  m/s  (Fig.  10).  The  two 
externally  arranged  projectiles  are  turning  both  „inwards“  which  means  they  are 
influenced  by  the  middle  EFP-fragment  generator.  This  was  not  expected  but  can  be 
taken  into  account.  The  axial  distance  from  the  axis  was  80  mm  and  from  the 
surfaces  40  mm.  But  still  the  Impacts  are  very  accurate  on  the  target  plate  at  2100 
mm  distance  (Fig.  1 1). 

On  the  next  test  a  plywood  was  installed  on  the  rear  side  between  the  two  externally 
arranged  16  g  EFP-fragment  generators  at  distances  of  160  mm  (Fig.  12).  As  the 
500  ps  FXR-picture  shows  the  EFP-projectiles  are  much  less  tumbling  (  Fig.  13).  The 


32-5 


impacts  on  the  target  plate  are  exactly  in  the  wanted  aiming  points  in  160  mm 
distance  ( Fig.  14). 

After  the  first  very  promising  tests  a  second  series  of  liners  was  built  with  a  different 
raw  material  and  new  charges  cast.  To  learn  something  from  the  test  set-up  with 
oniy  80  mm  axial  distances,  a  blast  shield  was  installed  between  the  lower  two  EFP- 
fragment  generators  (Fig.  15).  A  picture  of  the  total  test  set-up  shows  the  16  g  EFP- 
fragment  generators  on  the  left  side,  the  protecting  cassette  for  the  X-ray  film  in  the 
background  and  the  windows  for  the  FXR  tubes  on  the  far  right  side.  The  hazardous 
fragments  of  the  spall  rings  are  stopped  with  the  wooden  blocks  around  the  charges 
(Fig.  16).  The  flash  X-ray  shows  that  the  lower  two  EFP-fragments  are  obviously 
turned  to  the  blast  shield  which  has  evidently  given  some  influence  to  the  projectile 
orientation  (Fig.  1 7).  The  upper  projectile  was  not  very  well  built  by  the  improper  liner 
material.  The  impacts  are  only  partially  very  close  to  the  aiming  points  on  the  target 
plate  (Fig.  18). 

This  test  was  again  repeated  where  the  EFP  formation  is  again  less  well  formed  by 
loosing  some  small  pieces  on  the  rear  side  which  obviously  created  the  tumbling 
(Fig.  19).  The  lower  EFP-generator  had  3.5  g  more  high  explosive  weight  which  has 
driven  this  projectile  to  slightly  higher  velocities,  in  the  range  of  1  %.  The  impacts  of 
these  three  projectiles  were  again  good,  but  not  perfectly  covering  the  intended  hit 
positions  (Fig.  20).  By  using  the  proper  liner  material,  the  hemispherical  fragment 
formation  and  the  exact  hit  point  of  ±  10  mm  at  2  m  distance  can  be  achieved,  as  the 
first  two  shots  with  the  first  lot  of  mild  steel  liners  have  demonstrated. 


4.  Conclusion 

A  16  g  fragment  generator  can  be  designed  as  an  EFP  charge  and  can  launch  a 
16  g  fragment  with  2530  m/s.  If  wanted  the  velocity  can  also  be  increased, 
respectiveiy  also  easily  decreased. 

With  the  same  design,  also  other  masses  can  be  launched  as  already  demonstrated 
with  40  g  and  240  g  fragment  masses  at  2.400  m/s  veiocity  <6>.  This  means  velocity 
and  masses  can  be  changed  relatively  easily. 

The  liner  material  has  to  be  carefully  selected.  In  further  tests  it  will  be  demonstrated 
that  shape  and  impact  point  can  be  very  well  controlled. 
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But  independent  from  this,  these  1 6  g  fragment  generators  are  simple  and  low  cost 
devices  to  get  one  or  more  impacts  on  a  test  item  with  highly  accurate  hit  positions 
(Fig.  21).  With  the  low  explosive  weight  it  is  an  ideal  tool  for  testing  the  survivability 
of  ammunitions  by  fragment  impacts  required  in  MIL  2105  B. 
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-  hemispherical  shape  gives  good  reproducibility  of  the  reaction  levels  in 
contrast  to  cubical  fragments 


33-1 
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resuiting  of  the  damage  induced  by  hydrostatic  compression 
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ABSTRACT 

Reflection  optical  microscopy  of  polished  section  of  recovered  HMX  grains  submitted  to 
isostatic  compression  exhibits  intragranular  defects  like  microcracks  and  shear  bands.  The 
microstructure  of  HMX-based  pressed  explosives  thus  contains  not  only  porosity  but  also 
intragranular  damage,  that  could  be  responsible  for  producing  additional  hot  spots,  or  causing 
fast  decomposition  in  shock  to  detonation  transition.  The  influence  of  intragranular  damage  on 
sensitivity  was  investigated  using  recovered  damaged  particles  and  initial  undamaged 
particles.  Interface  velocities  between  3  mm-thick  explosive  samples  and  PMMA  windows, 
separated  by  a  thin  (13  pm)  aluminium  plate,  have  been  recorded  with  a  VISAR.  The  input 
shocks  were  generated  by  the  impact  of  projectiles  launched  by  a  light  gas  gun  and  a  powder 
gun.  At  the  calculated  pressure  of  5  GPa,  no  difference  was  observed  between  the  two 
materials.  At  higher  pressures,  the  damaged  samples  showed  higher  reactivity  than  the 
samples  made  with  the  initial  grains.  It  is  concluded  that  the  additional  intragranular  defects 
induced  by  the  isostatic  compression  process  must  be  taken  into  account  to  describe  the 
ignition  and  growth  of  the  reaction  stimulated  by  shock. 
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INTRODUCTION 

It  is  widely  accepted  that  initiation  of  pressed  explosives  submitted  to  a  shock  wave  occur 
in  hot  spots.  Because  the  energy  deposited  in  the  material  by  the  shock  wave  at  the  ignition 
threshold  is  not  sufficient  to  produce  ignition  of  the  bulk,  it  is  necessary  to  suppose  that 
localization  of  energy  happens  in  some  points  of  the  material.  However,  the  nature  of  the 
mechanism(s)  involved  in  this  localization  is  still  controversial.  Many  different  processes 
have  been  proposed.  All  heterogeneities  of  the  material  have  been  considered  to  be  potential 
ignition  sites  including  pores,  cracks,  contacts  between  grains  or  between  grain  and  binder. 
But  the  major  modeling  effort  has  been  made  on  a  mechanism  called  viscoplastic  pore 
collapse.  In  this  mechanism,  when  the  shock  wave  has  passed,  the  pore  collapses  and 
therefore,  the  solid  material  surrounding  it  strains.  This  deformation  of  a  viscoplastic  material 
heats  the  explosive  to  produce  hot  spots.  However,  observing  a  micrograph  of  a  pressed 
explosive,  let's  say  of  pressed  HMX,  a  lot  of  defects  that  can  be  seen  are  cracks  and 
deformation  bands  at  the  scale  of  a  few  micrometers.  These  microstructural  defects  are  present 
in  the  initial  moulding  powder  but  they  are  not  so  numerous  there.  We  then  designed  an 
experimental  plan  to  investigate  the  influence  of  the  additional  defects  introduced  by  the 
isostatic  compression  on  the  sensitivity  of  the  explosive.  We  will  present  the  experimental 
procedure  used  to  that  respect  and  the  results. 

The  basic  idea  of  this  work  is  to  recover  the  HMX  grains  after  a  hydrostatic  compression 
using  a  soluble  binder.  Our  aim  is  to  compare  the  shock-sensitivity  of  the  two  batches  of 
HMX  grains  :  the  initial  one  and  the  recovered  one.  Firstly,  we  describe  the  moulding  powder 
preparation,  the  compression  process  and  grains  recovery.  The  particle  size  distribution  of 
"initial  and  recovered"  grains  is  controlled  using  laser  granulometry  and  also  the 
microstructure  using  reflection  optical  microscopy. 

Then,  we  describe  the  sensitivity  tests.  The  two  batches  are  separately  consolidated  the 
same  way  with  a  wax  binder.  The  thickness,  the  density  and  also  the  microstructure  are 
controlled.  The  sensitivity  tests  are  plane  impact  experiments.  Different  projectile  velocities 
are  used.  VISAR  signals  measure  the  particle  velocity  of  the  explosive/window  interfaces. 
The  observed  shock  amplification  is  indeed  in  relation  with  the  energy  release  of  the 
explosive.  Significant  differences  in  shock  sensitivity  are  recorded.  Intragranular  defects  are 
reported  to  influence  the  shock  to  detonation  transition. 
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HMX-GRAINS  RECOVERY 
Preparation  of  the  moulding  powder 

The  formulation  of  the  pressed  explosive  is  3  %  in  weight  of  a  water-soluble  binder  and  its 
plasticizer  and  97  %  of  a  bimodal  composition  of  HMX  grains. 

The  water  soluble  binder  is  a  partially  hydrolyzed  polyvinyl  alcohol.  The  binder  is  named 
Mowiol  10-74  made  by  Hoechst  and  the  plasticizer  is  a  polyethylene  glycol  (PEG  300). 

The  preparation  of  the  moulding  powder  is  composed  of  the  four  following  steps : 

-  dissolution  of  the  binder  and  the  plasticizer  in  water, 

-  mechanical  mixing  of  HMX  powders  in  the  previous  solution, 

-  evaporation  of  water  under  vacuum  with  minimum  mechanical  agitation, 

-manual  granulation  across  sieves  and  drying. 

The  coating  process  itself  can  severely  damage  the  grains  as  pointed  out  by  Skidmore  [1]. 
He  showed  that  the  particle  size  distribution  can  even  be  affected  by  such  a  process.  We  also 
experienced  a  granulometry  reduction  after  a  tested  magnetic  mixing.  We  had  thought 
previously  that  this  step  was  rather  innocuous  but  only  a  careful  handling  of  the  grains  can 
allow  not  to  damage  the  grains.  The  influence  of  the  process  on  the  microstructure  of  HMX- 
grains  is  controlled  with  reflection  optical  microscopy.  For  the  microscopic  examination,  all 
the  samples  are  potted  in  epoxy  resin  and  polished  on  automated  equipment.  This  technique 
was  designed  to  reduce  artifacts.  Polished  sections  of  the  moulding  powder  are  prepared  and 
observed  with  reflection  optical  microscopy.  Figure  1  shows  the  microstructure  of  the 
moulding  powder  with  soluble  binder.  Even  if  a  crack  can  be  seen  in  a  large  grain,  the 
moulding  powder  is  slightly  affected  by  the  preparation. 

Compression  of  the  powder 

The  moulding  powder  is  then  pressed  to  produce  a  damage  which  is  similar  to  the  one 
usually  observed  in  HMX-based  pressed  explosives.  Some  preliminary  experiments  have  been 
done  using  uniaxial  compression  to  determine  the  experimental  conditions.  However,  it  is 
important  to  remember  that  the  stresses  are  not  comparable  in  the  uniaxial  and  hydrostatic 
processes. 

The  plasticizer  effect  on  the  explosive  compression  is  important.  This  has  already  been 
shown  in  the  work  by  Langston  and  al  [2,  3]  and  is  here  confirmed  :  Table  1  shows  the 
influence  of  the  plasticizer  on  the  density  of  uniaxial  pressed  blocks.  The  measurements  are 
performed  using  the  adapted  hydrostatic  method  with  an  intermediate  oil  coating.  In  3  %  wt. 
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binder,  porosity  is  almost  doubled  between  the  50  %  wt.  of  plasticizer  and  no  plasticizer. 
When  there  is  no  plasticizer,  the  binder  is  rather  brittle  and  the  compression  introduces  a  lot  of 
damage  in  the  grains.  Adding  some  plasticizer  in  the  binder  allows  to  obtain  a  more  ductile 
binder  and  that  reduces  significantly  the  damage  created  in  the  grains  by  compression.  The 
proportion  of  plasticizer  is  fixed  to  15  %. 


Samples 

Density  (g/cm’) 

Porosity  1 — (%) 
PlMD 

Binder  and  Plasticizer  50  %  wt.  / 1200  bars 

1,76 

5,9 

Binder  only  / 1200  bars 

1,68 

10,1 

Binder  and  Plasticizer  50  %  wt.  / 1500  bars 

1,80 

3,7 

Binder  only  / 1500  bars 

1,72 

8.0 

Table  1 :  Influence  of  PEG  300  plasticizer  on  the  density  of  uniaxial  pressed  samples. 


The  temperature  of  the  hydrostatic  compression  takes  into  account  the  influence  of  the 
pressure  on  the  glass  transition  of  the  binder  [4].  The  temperature  is  fixed  to  70  °C. 

The  pressure  with  two  cyclic  applications  is  limited  to  1200  bars  because  HMX  grains  are 
too  damaged  when  higher  pressures  are  used  during  pressing.  Figure  2  shows  a  micrograph  of 
recovered  grains  after  uniaxial  compression  at  1500  bars.  The  microscopic  investigation 
reveals  crosscracks  and  open  fractures,  which  lead  to  the  break-up  of  the  coarse  grains.  At 
lower  pressure,  the  microstructure  is  less  damaged. 


Figure  1  ;  Microstructure  of  the  moulding 
powder  with  soluble  binder 


Figure  2  :  Microstructure  of  damaged  grains 
after  uniaxial  inessing  under  1500  bars 


Volume  % 


After  hydrostatic  compression,  the  HMX  grains  are  recovered  by  dissolving  the  binder  in 
water.  The  pressed  explosive  is  placed  in  distilled  water.  After  a  week,  the  compacted  material 
is  completely  weathered.  The  process  uses  some  temperature  cycles  up  to  60°C  in  double 
boiler  to  accelerate  the  dissolution  of  the  binder  in  water  [5].  Every  time  the  water  is  changed, 
the  grains  are  recovered  by  sieves  and  filters.  Only  few  balls  of  grains  remain  because  of 
undissolved  binder. 

Particle  Size  Distribution 

The  analysis  were  performed  at  CEA  Le  Ripault  on  a  Mastersizer  S  long  bed.  The  particle 
size  distributions  of  the  initial  and  recovered  grains  are  compared  on  figures  3  and  4. 

The  fine  particle  distributions  are  different.  The  fine  volume  fraction  of  recovered  grains  is 
smaller  than  the  initial  one.  The  distribution  is  the  same  for  sizes  above  80  pm.  But,  under  this 
limit,  the  fine  recovered  particles  diminish  rapidly.  Different  artifacts  could  interfere  with  the 
measurements.  The  very  fine  grains  could  be  dissolved  in  water  (the  recovered  grains  have 
spent  more  time  in  water  because  of  the  dissolution  of  binder).  They  could  also  pass  through 
the  filter.  Fine  grains  could  be  linked  to  the  coarse  grains  or  to  the  filter  because  of 
undissolved  and  settled  binder.  The  last  explanation  is  probably  the  most  important  one. 

The  bimodal  distribution  of  the  initial  grains  presents  a  gap  between  the  fine  and  coarse 
grains.  This  interval  is  preserved  for  the  recovered  grains.  So,  the  coarse  grains  are  not  broken 
during  the  process  of  compression. 


I.  ■■■I  Initial 

Recovered 


0  100 
Particule  Diameter  (pm) 


Figure  3  :  Particle  size  distributions  of  initial  and 
recovered  grains 


00  Particule  Diameter  (pm)  looo 

Figure  4  ;  Particle  size  distributions  of  initial  and 
recovered  grains  taken  over  a  200  pm  sieve 
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For  the  coarse  fractions  of  the  initial  and  recovered  grains,  the  median  diameter  is  682  irm. 
However,  the  coarse  particle  distribution  of  the  recovered  grains  is  larger  than  the  initial  one. 
This  slight  difference  is  explained  by  the  microstructure  of  recovered  grains : 

-  Assemblies  of  coarse  and  fine  grains  remain  present  after  the  recovery  because  of 
undissolved  or  settled  binder. 

-  Some  grains  are  broken  during  the  process  of  compression  and  recovery. 

The  results  show  that  the  morphology  is  slightly  affected  by  the  hydrostatic  compression 
and  the  grains  recovery.  The  coarse  fractions  of  the  initial  and  recovered  grains  whose  size  is 
greater  than  200  pm  are  used  for  the  sensitivity  test.  Because  the  particle  size  distribution  of 
the  coarse  recovered  HMX  grains  is  similar  to  the  one  of  initial  coarse  grains,  the  particle  size 
effect  on  the  compared  shock  sensitivity  will  be  limited. 

Additional  intragranular  Defects 

Figures  5,  6  respectively  show  the  microstructure  of  initial  and  recovered  coarse  grains. 
Different  kinds  of  defects  are  compared ;  porosity,  twinned  bands  and  cracks.  The  preparation 
is  very  important  to  avoid  artifacts.  Bad  conditions  can  lead  to  many  artifacts  :  for  example 
scratches  could  be  mistaken  with  porosity. 


Figure  5  :  Microstructure  of  initial  coarse  grains  Figure  6  :  Microstructure  of  recovered  coarse  grains 


The  intragranular  porosity  is  observed  as  black  spots  and  the  distribution  is  similar  in  the 
two  batches :  initial  and  recovered  grains.  Characterization  of  the  porosity  reveals  from  one  to 
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ten  pores  with  a  diameter  under  ten  micrometers  in  the  grains.  A  few  big  pores  are  present 
with  a  diameter  under  50  pm. 

Twinned  crystals  are  observed  in  both  lots.  But  twinned  bands  appear  only  in  the  recovered 
coarse  grains  (see  the  center  of  the  grain  in  figure  6).  Those  bands  cover  in  general  a  part  of 
the  grain.  They  present  no  microscopic  discontinuity,  and  are  fine,  and  parallel.  Cracks  often 
pass  through  it.  Those  bands  are  probably  due  to  grain  plasticity. 

Intragranular  cracks  have  already  been  observed  in  the  initial  coarse  grains.  Their  number 
is  limited.  For  the  recovered  grains,  they  are  much  more  numerous.  They  usually  begin  from 
pre-existing  heterogeneities  :  pores,  grain  border,  inclusion.  Transgranular  cracks  are  also 
present.  They  are  often  formed  by  coalescence  of  intragranular  cracks. 

SENSITIVITY  TESTS 
Pressed  Explosive  formulations 

At  this  point,  it  is  necessary  to  make  explosive  formulations  from  the  two  HMX  powders. 
For  simplicity,  we  choose  to  use  uniaxial  compression  of  the  powder  mixed  with  a  wax. 

The  parameters  of  the  uniaxial  compression  have  been  optimized  to  avoid  overdamaging 
the  grains.  The  following  conditions  have  been  tested  for  compression  with  initial  grains  : 
pressure  between  125  and  500  bars,  temperature  between  40°C  and  60°C  and  wax  binder 
weight  fraction  between  10  %  and  20  %. 


Figure  7  :  Microstructure  of  samples  pressed  at 
50  °C,  250  bars  and  10  %  wax  weight  fraction 
made  with  initial  coarse  grains 


Figure  8  :  Microstructure  of  samples  pressed  at 
50  °C,  125  bars  and  15  %  wax  weight  fraction 
made  with  initial  coarse  grains 
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A  wax  weight  below  20  %  and  a  too  high  pressure  lead  to  additional  cracks,  and  even 
fractures.  Those  defects  are  generated  by  contacts  between  grains.  Figures  7  and  8  show  the 
damage  caused  by  contacts  between  grains  under  different  conditions  of  compression.  The 
temperature  of  the  process  also  plays  an  important  role.  At  60  °C,  the  pressed  sample  is  pasty 
just  after  the  exit  of  the  matrix.  At  40  °C  it  is  slightly  friable. 

The  optimized  conditions  are  fixed  at  50  °C,  200  bars  and  a  wax  weight  fraction  of  20  %. 
Both  batches  of  HMX  the  initial  and  the  recovered  ones  are  separately  pressed.  Figures  9  and 
10  show  the  microstructure  of  the  two  different  batches.  Cracks  and  twinned  bands  are  present 
in  the  samples  made  with  the  recovered  grains.  Porosity  and  granulometry  are  preserved 
between  the  two  lots.  In  spite  of  great  care,  some  grains  have  been  fractured  during  this  step. 
But  this  is  limited. 

The  density  is  also  controlled,  using  the  hydrostatic  method.  The  mean  porosity  of  the 
pressed  samples  is  about  2.3  %.  The  difference  of  density  between  the  two  different  samples 
is  less  than  0.01  g/  cm^. 


Figure  9  :  Microstructure  of  the  pressed  Figure  10  :  Microstructure  of  the  pressed 

explosive  made  with  initial  coarse  grains  and  explosive  made  with  recovered  coarse  grains 

optimized  conditions  and  optimized  conditions 


Shock  experiments  setup 

The  sensitivity  tests  are  designed  to  allow  a  comparison  of  the  shock  sensitivities  of  two 
explosive  blocks. 

The  experiments  are  performed  using  the  "ARES"  powder  and  the  "DEMOS"  gas 
launchers  at  the  Centre  d'dtudes  de  Gramat.  The  two  single  stage  launchers  have  an  inner 
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diameter  of  98  mm.  A  velocity  of  850  to  2400  m/s  can  be  obtained  on  "ARES".  With  this  gun, 
velocity  reproducibility  is  better  than  1  %  and  parallelism  on  impact  is  about  1.5  mrad. 
Depending  on  the  breech  configuration,  a  velocity  of  50  m/s  to  1200  m/s  can  be  reached  on 
"DEMOS".  There,  the  velocity  reproducibility  is  about  2  %  and  parallelism  on  impact  is 
approximately  1.5  mrad. 

Plane,  one-dimensional  impacts  take  place  in  an  evacuated  target  chamber.  Figure  3  shows 
the  projectile  and  the  target  including  a  support,  thin  explosives  blocks,  aluminium  films  and 
PMMA  windows.  The  two  explosives  blocks  are  glued  on  the  same  support,  so  that  the 
impact  velocity  is  exactly  the  same  for  the  two  explosive  samples.  The  velocity  of  the 
explosive/window  interface  are  measured  on  Push-Pull  Valyn  VISARs.  The  parallel 
measurements  allow  easy  comparisons  of  the  results. 


Support  plate  Aluminium  films 

Figure  1 1 :  Layout  of  the  plane  impact  experiments 


Experimental  Results 

Three  projectile  velocities  were  tested,  which  corresponds  to  the  calculated  shock  pressure 
of  5  GPa,  6.5  GPa  and  8.5  GPa  in  the  explosive.  Figure  12  and  13  show  the  experimental 
results  for  projectile  velocities  of  respectively  880  m/s  and  1090  m/s  with  an  explosive 
thickness  of  3  mm.  Figure  14  shows  a  result  for  an  impact  velocity  of  1305  m/s,  with  an 
explosive  thickness  of  2.2  mm.  The  presented  signals  are  "raw"  and  have  not  been  smoothed. 

The  signals  show  a  kind  of  hump  approximately  one  microsecond  after  the  shock  front.  It 
is  due  to  the  aluminium  film  and  corresponds  to  the  reflection  of  the  incident  shock  wave  at 
the  explosive  /  aluminium  film  interface  and  the  aluminium  film  /  PMMA  interface.  A  short 
duration  shock  is  then  reflected. 

Figures  13  and  14  show  a  more  or  less  shaip  decrease  and  increase  after  the  hump.  The 
higher  the  impact  velocity,  the  more  important  the  phenomenon  is.  It  does  not  happen  at  low 


Interface  velocity  (m/s) 
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shock  pressure.  Therefore,  it  seems  that  the  reactivity  has  a  great  influence  on  this 
perturbation.  The  lateral  release  wave  should  affect  later. 


Time  (ps) 

Figure  12  ;  Experimental  results  for  a  projectile  velocity  of  880  m/s 

For  Figure  12,  during  the  first  microseconds  after  the  passage  of  the  shock  front,  the  slope 
of  the  velocity  increase  is  very  low  and  the  comparison  of  the  two  signals  reveals  no 
significant  difference.  These  results  show  the  quality  of  the  fabrication  process  of  the 
explosive  block,  and  the  quality  of  the  test  preparation  and  measurement  methods  used. 


Time  (ps) 


Time  (ps) 


Figure  13  :  Experimental  results  for  a  projectile 
velocity  of  1090  m/s 


Figure  14  :  Experimental  results  for  a  projectile 
velocity  of  1305  m/s 


For  higher  projectile  velocities,  the  velocity  increase  in  the  block  made  with  the  recovered 
grains  is  greater  than  in  the  one  made  with  the  initial  grains.  Figure  13  shows  a  higher  slope 
for  the  recovered  grains,  but  the  shock  front  levels  are  similar.  In  Figure  14,  the  shock  front  is 
higher  for  the  block  containing  the  recovered  grains.  This  shock  wave  is  reactive. 
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When  the  microstructure  is  previously  damaged  by  hydrostatic  compression,  the  energy 
release  is  much  faster.  This  could  be  due  to  an  important  increase  of  the  ignition  sites  (hot 
spots)  at  high  shock  levels  because  of  the  presence  of  additional  defects  created  by  hydrostatic 
compression.  Alternatively,  the  presence  of  defects  could  play  a  role  in  the  buildup  of 
detonation  because  of  the  increase  of  specific  surface. 


CONCLUSION  AND  DISCUSSION 

This  study  shows  the  influence  of  intragranular  defects  introduced  by  hydrostatic 
compression  on  the  shock  sensitivity  of  pressed  explosives. 

The  main  kinds  of  damage  created  by  the  process  of  hydrostatic  compression  are  cracks 
and  twinned  bands.  Porosity  is  not  changed  and  the  particle  size  disUibution  is  only  slightly 
affected.  Microscopic  investigations  are  performed  using  reflected  optical  microscopy  and 
laser  granulometry. 

Same  dimensions,  comparable  density,  comparable  particle  size  distributions  and  preserved 
intragranular  defects  are  obtained  for  the  two  explosive  blocks  processed  separately  with 
initial  and  recovered  from  compression  grains.  At  low  shock  pressure,  no  difference  is 
observed  between  the  two  blocks.  At  higher  shock  pressure  the  shock  sensitivity  increases 
with  the  presence  of  additional  intragranular  defects. 

The  formation  of  the  hot  spots  and  the  hot  spots  growth  and  coalescence  are  the  two  main 
stages  of  the  shock  to  detonation  transition  [6,  7,  8].  The  influence  of  cracks,  and  twinned 
bands  is  complex  on  this  process.  Our  results  show  that  the  presence  of  cracks  and  twinned 
bands  lead  to  a  faster  energy  release  and  several  explanations  are  possible.  On  the  one  hand, 
the  specific  surface  area  is  increased  by  the  opening  of  cracks  and  this  could  accelerate  the 
reaction  growth.  So,  cracks  could  play  a  major  role  in  the  detonation  build-up.  On  the  other 
hand,  the  presence  of  additional  intragranular  defects  could  also  create  additional  hot  spots. 
Thus,  friction  is  a  potential  mechanism  involving  cracks.  At  the  reactivity  threshold  (around  5 
GPa)  there  is  a  hot  spots  initiation  control  [9],  but  the  presence  of  cracks  and  twinned  bands 
do  not  increase  the  chemical  reactivity.  The  influence  on  the  hot  spots  formation  stage  could 
be  limited  at  that  level.  Other  experiments  or  measurements  methods  will  be  necessary. 
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TEMPERATUREINFLUSS  AUF  DIE  EIGENSCHAFTEN  VON 
MITTELKALIBERTREIBLADUNGEN 


Etienne  Rochat 
Oerlikon  Contraves  Defence 
Pyrotec  AG,  CH-8845  Studen,  Switzerland 


Abstract 

We  tested  the  influence  of  the  heat  production  in  automatic  medium-calibre 
guns  on  the  properties  of  the  propellant  and  the  igniter.  The  goal  was  to  find  a 
solution  without  danger  of  cook-off,  overpressure  or  non-function. 


1.  Einleitung 

Mittelkaliber-Schnellfeuerwaffen  mit  Hochleistungsmunition  erreichen  beim 
Seriefeuer  hohe  Kammertemperaturen.  Bei  hoher  Feuerbereitschaft  warden  die 
Treibladung  und  die  Treibladungsanzundung  in  der  geladenen,  heissen  Waffe 
hohen  Temperaturen  ausgesetzt. 

Dadurch  kann  die  Pyrotechnik  der  Treibladungsanzundung  in  ihrer  Funktions- 
fahigkeit  beeintrachtigt  warden  und  die  Innenballistik  beim  Schuss 
unvorhergesehene  Druck-Werte  zeigen. 

Die  chemische  Stabilitat  der  Treibladung  ist  empfindlich  auf  lang  anhaltende 
Temperaturbelastung.  Nach  dem  Oberschreiten  der  Verpuffungstemperatur  des 
Treibladungspulvers  tritt  Cook-off  auf. 

Im  Gegensatz  zu  konventionellen  Waffen  fuhrt  der  Cook-off  des  Treibladungs¬ 
pulvers  in  der  Trommel  von  Revolvenwaffen  meistens  zur  Zerstorung  der  Waffe. 
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Wir  erfassten  einerseits  die  Temperaturen  an  den  verschiedenen  Orten  in  der 
Waffe  und  der  Patrone  bei  Seriefeuerbeschiissen,  anderseits  das  Selbst- 
erwarmungsverhalten  von  Treibladungen  in  ihrer  Originalumgebung. 

Die  Funktionsverlustgrenze  der  Treibiadungsanziindung  und  die  Cook-off 
Temperatur  der  Patrone  warden  durch  Warmlagerversuche  ermittelt. 

Zur  Quantifizierung  der  Verhaitnisse  am  Geschiitz  erfoigten 
Innenballistikbeschusse  mit  verschiedenen  Treibladungspulvern  bei  hohen 
Temperaturen.  Dabei  wurde  auch  die  Treibiadungsanziindung  in  ihren 
Ausgangsleistungsparametern  variiert. 


2.  Systembeschreibung 

Unsere  Untersuchungen  erfoigten  hauptsachlich  mit  dem  mobilen  Low  Level  Air 
Defence  System  Oerlikon  Contraves  SkyShieldSS.  Dieses  besteht  neben  dem 
Feuerleitmodul  und  dem  ADATS-Lenkwaffenwerfer  (1)  aus  ein  bis  zwei  35mm 
Skywhip-Revolverkanonen.  Das  System  verschiesst  mit  einer  Kadenz  von  1000 
Schuss  pro  Minute  aus  jeder  Waffe  Sprengmunition  oder  programmierbare 
AFIEAD-Flugkorperabwehrmunition  (2)  mit  je  152  Subprojektilen. 

Die  verwendeten  singlebase  Treibladungen  (ca.  330g  pro  Ladung)  haben  eine 
Flammtemperatur  von  ca.  2400  K,  eine  Explosionswarme  von  max.  3210  J/g  und 
einen  Verpuffungspunkt  von  +170°C.  Die  tiefste  Cook-off-Temperatur  in  der 
Munition  ist  vorschriftsmassig  die  derTreibladung. 

Jede  Waffe  hat  beim  Seriefeuer  eine  Mundungsleistung  uber  6'000  kW  und 
wahrend  dem  Treibladungspulverabbrand  werden  ca.  265  MW  geleistet. 

Wenn  die  Waffe  nach  mehreren  Salven  heiss  geschossen  ist,  aber  in  Schuss- 
Bereitschaft  bleiben  muss,  darf  durch  die  Erwarmung  der  geladenen  Patronen 
kein  Versagen  der  Treibiadungsanziindung  vorkommen,  kein  Cook-off  der 
Treibladungen  in  den  Patronen  in  den  Revolverkammern  eintreten  und  kein 
Oberschreiten  des  Konstruktionsgasdruckes  beim  nachsten  Schuss  auftreten. 
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3.  Warmehaushalt  in  der  Trommel  der  Revolverkanone 

Die  Konstruktion  der  Waffe  muss  moglichst  so  erfolgen,  dass  auch  nach  dem 
Seriefeuer-Schiessen  die  Trommeltemperatur +71°C  nicht  ubersteigt.  Dann  sind 
automatisch  alle  Funktionen  gewahrleistet,  weil  wir  uns  im  zu  erfullenden 
MIL-STD-Bereich  befinden.  Die  negative  Konsequenz  kann  aber  ein  hohes 
Systemgewicht,  eine  komplizierte  Kuhleinrichtung  oder  ein  taktisch 
unbefriedigender  Betrieb  sein  (Waffe  nicht  immer  durchgeladen,  Waffe  nach 
kritischer  Wartezeit  leerschiessen). 

Simulationsrechnungen  wahrend  der  Designphase  der  Revolverkanone  ergaben 
berechnete  Trommeltemperatunwerte,  welche  dann  mittels  Experiment  an 
realen  Trommein  mit  scharfen  Patronen  uberpruft  und  untersucht  werden 
konnten. 

Bei  den  Experimenten  wurden  bei  Trommeltemperaturen  oberhalb  75°C 
wahrend  Langzeiteinwirkungen  bereitsTemperaturuberhohungen  im 
Treibladungspulverbett  durch  Selbsterwarmungserscheinungen  beobachtet. 

Aus  diesem  Grunde  wurde  eine  detailierte  OberprQfung  der  folgenden 
Zusammenhange: 

•  Temperaturinput  in  die  geladene  Patrone 

•  Treibladungs-cook-off 

•  Innenballistik  oberhalb  7rc  (ausserhalb  MIL-STD-Temperaturbereich) 

•  Anzundsicherheit  nach  der  Temperatureinwirkung  im  Sinoxidsatz 

(Tetrazenabbau) 


verlangt. 
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4.  Warmehaushalt  im  Treibladungspulver-Bett 


Zur  Ermittiung  des  Einflusses  der  verschiedenen  TLP-Dimensionen  und  der 
verschiedenen  Geschosstypen  auf  das  Einstellen  des  Temperaturgleichgewichtes 
in  der  Munition  warden  laborierte  35mm-Patronen  mit  Thermoelementen 
versehen  und  im  Klimaschrank  einerTemperaturpendelprufung  zwischen  -54°C 
und  +7rC  unterworfen. 

Es  zeigte  sich,  dass  sowohl  Metallgranaten  wie  Kunststoffgeschosse  und  sowohl 
grobkornige  wie  feinkornige  Treibladungspulver  identisches  Aufwarm-  und 
Abkuhiverhalten  zeigen. 

Der  Messort  innerhalb  des  Pulverbettes  ist  aber  fur  die  Ermittiung  der  Ein- 
pegelungszeit  sehr  bestimmend.  Bild  1. 


Zur  Charakterisierung  der  Hitzestaueffekte  unter  quasi-adiabatischen 
Bedingungen  warden  Dewartests  durchgefuhrt  (schlimmstmoglicher  Fall).  Das 
Dewar  hatte  ein  ahniiches  Innenvolumen  wie  eine  35mm  PatronenhOlse  und 
wurde  mit  370g  Treibladungspulver  geladen.  Es  wurde  festgestellt,  dass 
normalerweise  im  Zentrum  des  Pulverbettes  bei  einer  Temperatur  oberhalb 
145°C  der  Cook-off  eintritt.  Darum  wurde  das  Dewar,  nach  dem  Erreichen  dieser 
Temperaturschwelle,  automatisch  mit  Wasser  geflutet.  Bild  2,  Bild  3. 


Treibladungspulver 

Ofen-Temperatur  (°C) 

Zeit  bis  MS'C  (h) 

BZSn&QZECT 

PGD550MC 

130 

1.2 

ja,  145°C 

PGD550MC 

120 

5.8 

geflutet 

PGD550WS 

130 

1.3 

geflutet 

PGD550WS 

120 

5.7 

ja,  145°C 

PGD550WS 

100 

»  120 

PGD550SNPE 

130 

1.6 

PGD550SNPE 

120 

5.6 

ja,  140°C 

PGD550SNPE 

100 

»120 

PGD375WS 

120 

5.5 

geflutet 

PGD750WS 

120 

4.7 

geflutet 

Die  verschiedenen  Treibladungspulver-Typen,  zum  Teil  uber  10  Jahre  alt,  zeigten 
ein  relativ  einheitliches  Bild. 
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In  einem  weiteren  Versuch  unter  nicht  adiabatischer  Umgebung  wurden  35mm 
Patronen  mit  den  oben  aufgefuhrten  Treibladungspulvern  geladen,  mit 
Thermoelementen  bestuckt,  und  im  Ofen  bei  100°C,  110°C,  115°C  und  120°C 
eingelagert.  Sehr  interessant  ist,  dass  bei  IIO^C  mit  alien  Pulvern  bis  100  Stunden 
nichts  zu  sehen  war,  bei  120°C  aber  bei  alien  Proben  nach  ca.  5.5  Stunden 
autokatalytisch-ahniicher  Hitzestau  einsetzte.  Nach  12  Stunden  verfugten  alle 
Pulver  noch  uber  genugend  Reststabilisator. 

Die  Sinoxidsatze  in  den  Treibladungsanzundern  der  belasteten  Patronen  zeigten 
bei: 


110°C 

iso-c 

bis  6  h 

bis  1  h 

voile  Funktion 

ab  150 h 

ab  8  h 

keine  Funktion 

Auf  eine  theoretische  Aufarbeitung  dieser  Resultate  zusammen  mit  dem 
ermittelten  Stabilisatorabbau  im  Treibladungspulver  und  den  teilweise 
vorhandenen  WSrmeproduktionsraten  im  Warmeflusskalorimeter  wurde 
verzichtet.  Die  Treibladungspulver  differenzieren  unterelnander  zu  wenig  und 
das  Endresultat  wurde  kaum  aussagekraftiger. 

Die  maximal  zulassige  Temperatur  fur  Langzeittemperaturbelastungen  in 
Waffen  und  Warmeschranken  (iiber  Stunden)  wurde  von  uns,  unter  Beachtung 
der  chemischen  Reststabilitat  alterer  Pulver  verschiedenster  Hersteller  und  unter 
der  Annahme  von  adiabatisch-ahniichen  Bedingungen,  bei  IIS'C  festgelegt. 
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5.  Innenballistik  bei  hohen  Temperaturen 

Zur  Ermittiung  des  Druckverlaufes  bei  hohen  Temperaturen  bis  100°C  warden 
35mm-Drucklaufbeschusse  mit  alien  in  Frage  kommenden  Geschoss-  und 
Treibladungspulvertypen  bei  2rc,  7rc,  80°C,  90°C  und  100°C  durchgefiihrt. 
Die  schonende  Treibladungsanziindung  (ZSD304)  erfoigte  mit  einer  heissen 
Beiladung  mit  niedrigem  Druckniveau.  Bei  dieser  ersten  Versuchsreihe  zeigte 
sich,  dass  keine  Werte  tiber  dem  zulassigen  Gasdruck  lagen. 


Temp. 

°C 

750g  Geschoss 
TLPWs 

550g  Geschoss 
TIP  SNPE 

550g  Geschoss 
TLP  MC 

380g  Geschoss 
TLPWs 

Max-Druck 

(bar) 

Vo 

(m/s) 

nSSn 

Vo 

(m/s) 

Max-Druck 

(bar) 

Vo 

(mis) 

Max-Druck 

(bar) 

Vo 

(mis) 

Max-Druck 
_ (bar) _ 

Vo 

(m/s) 

Ha 

1027 

3733 

ggrrii 

3585 

3729 

man 

■Eol 

Ha 

3887 

TiltH 

4130 

4052 

ms 

roin 

■EHtI 

80 

4015 

■q&d 

4175 

4441 

90 

4064 

4231 

1199 

4224 

1206 

4453 

ITOcI 

4164 

100 

4174 

4373 

4124 

4219 

Druckwerte  korrigiert  auf  neues  Rohr: 

fPTgBl 

46101  1  46401 

4500 

4917 

4688 

Beschuss  mit  altem  Rohr 


Zur  Verifizierung  erfoigte  eine  2.  Beschussreihe  mit  alten  Treibladungspulvern 
(bis  12  Jahre  alt)  und  einer  harten  und  gasreichen  Treibladungsanzundung 
(ZSD301)  mit  Nitrocellulose-Beiladung. 


Versuchs- 

temperatur 

550g  Geschoss 
TLPWS 

550g  Geschoss 

TLP  MC 

380g  Geschoss 
TLPWS 

(“■C) 

Max-Druck 

(bar) 

Vs 

(m/s) 

Max-Druck 

(bar) 

Vo 

(m/s) 

Max-Druck 

_ (bar) _ 

Vs 

(m/s) 

21 

3563 

1157 

4109 

1201 

71 

3851 

1172 

4792 

1238 

80 

3945 

1177 

4893 

1241 

3791 

■■■Qi] 

90 

3711 

1167 

■kb 

1237 

3886 

■■■QIS 

100 

4125 

1186 

1253 

4062 

Beschuss  mit  neuwertigem  Rohr 
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Relativer  Druck  (bar)  zum  2rC-Niveau  mitweicher  Anzundung  ZSD304 


Temperatur 

550g  Geschoss 
TLP  WS 

550g  Geschoss 
TLP  MC 

380g  Geschoss 
TLPWS 

(°C) 

(bar) 

(bar) 

(bar) 

21 

0 

0 

0 

71 

397 

564 

10 

80 

442 

712 

175 

90 

498 

724 

153 

100 

640 

967 

208 

Relativer  Druck  (bar)  zum  21°C-Niveau  mit  barter  Anzundung  ZSD301  und  alten 
Treibladungspulvern.  Die  TLP-Muster,  die  Ladungsmasse  und  die  Druckrohre  sind 


nicht  identisch  wie  beim  Beschuss  mit  schonender  (weicher)  Anzundung. 


Temperatur 

550g  Geschoss 
TLPWS 

550g  Geschoss 
TLPMC 

380g  Geschoss 
TLPWS 

(°C) 

(bar) 

(bar) 

(bar) 

21 

0 

0 

0 

71 

288 

683 

455 

80 

382 

784 

501 

148 

691 

596 

100 

562 

1103 

772 

Erstaunlicherweise  unterscheiden  sich  die  zwei  Beschussreihen  qualitativ  nur 
wenig  und  die  gemessenen  Druckkurven  zeigen  keine  Druckresonanzen. 


Trotzdem  ist  auf  versteckte  Gefahren  hinzuweisen,  da  der  gewunschte  Druck- 
Temperaturkoeffizient  durch  die  thermomechanischen  Eigenschaften  des  Pulver- 
kornes  programmiert  wird.  Bei  tiefen  Temperaturen  tritt  ein  gewisser  Kornbruch 
mit  Oberflachenvermehrung  auf,  bei  hoheren  Temperaturen  wird  das  Korn 
thermoplastisch  verformt  und  verliert  Oberflache.  Bei  sehr  hohen  Temperaturen 
iiberwiegt  wieder  die  temperatur-  und  druckabhangige  Brenngeschwindigkeits- 
zunahme  und  kann  nicht  mehr  durch  weitere  thermoplastische  Verformung 
kompensiertwerden.  Weiterhin  besteht  bei  sehr  weichem  Pulverbett  die  Gefahr 
von  sich  bildenden  Drucknestern.  Bild  4. 
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6.  Temperaturmessungen  in  der  Waffe 

An  der  35mm  Revolverkanone  wurden  wahrend  Seriefeuerbeschiissen 

Temperaturmessungen  mit  Thermoelementen  durchgefuhrt.  Die  Messorte  waren 

am  Rohr  vorne,  mitte  und  hinten  sowie  in  einer  Messpatrone,  welche  sofort 

nach  dem  Beschuss  geladen  wurde.  Die  entsprechenden  Messpunkte  waren  an 

der  Patronenhiilsenwand,  dem  Schulterbereich  der  Patronenhulse,  beim  Zunder, 

beim  Treibladungsanzunder  und  in  der  Mitte  des  Pulverbettes.  Bild  5,  Bild  6. 

Beim  Seriefeuer  mit  einer  Kadenz  von  1000  Schuss  pro  Minute  wurden  beim 

folgenden  Standard-Programm,  beinhaltend  3  x  (4  x  18  Schuss)  innerhalb  von 

5  Minuten,  folgende  Spitzentemperaturerhohungen  gemessen: 

•  Vorne  am  Rohr  500  “C  nach  ca.  3.5  Minuten 

Nach  weiteren  10  Schiissen  zur  v^-Messung  wurde  nach  total  16  Minuten  die 
Messpatrone  eingesetzt  und  neu  gemessen: 


Patronenschulter 

80  °C 

nach  ca.  13 

Minuten 

Im  Zunder 

95  °C 

nach  ca.  17 

Minuten 

Patronen  h  Ci  Isenwand 

55  °C 

nach  ca.  22 

Minuten 

TreibladungsanzOnder 

50  'C 

nach  ca.  38 

Minuten 

Mitte  Pulverbett 

60  °C 

nach  ca.  55 

Minuten 

7.  Schlussfolgerung 

Die  im  Experiment  an  der  35mm  Skywhip-Revolverkanone  erschossenen 
Temperaturmesswerte  zeigen  eine  gelungene  Waffenkonstruktion.  Die 
Trommel-  und  die  Hitzestauprobleme  im  Treibladungspulver  sowie  die 
Ziindsicherheit  und  Cook-off-Probleme  sind  unter  Kontrolle.  Bei  weiterer 
Aufwarmung  infolge  langanhaltendem  Dauerfeuer  ist  genugend  5icherheits- 
und  Systemreserve  vorhanden.  Die  Innenballistik  oberhalb  +7rC  reagiert 
gutmutig. 


(1)  ADATS 

(2)  AHEAD 


Air  Defence  Anti-Tank  System 
Advanced  Hit  Efficiency  And  Destruction 


Erwarmung  tn  35mm  Patronenhdlsen 


(O,)  jn}BJaduJai 


3 


10 


rmestaumessungen 


Bild  2 


Warmestau  -  Messung 
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•MOgllcher  Theor.  Druclwertauf ohn«  Efwelchung  Max-Druck 
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Bild  5  Aufheizen  nach  216  +  10  Schuss 
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RELATION  BETWEEN  DAMAGE  AT  LOW  VELOCITY 
IMPACT,  AND  MECHANICAL  PROPERTIES 
AND  EXPLOSIVE  LOADING 
OF  PLASTIC  BONDED  EXPLOSIVES 


R.H.B.  Bouma,  A.C.  Hordijk,  J.H.G.  Scholtes 

TNO  Prins  Maurits  Laboratory 
P.O.  Box  45,  2280  AA  Rijswijk,  The  Netherlands 


1.  Abstract 

At  the  TNO  Prins  Maurits  Laboratory  research  is  being  carried  out  on  the  influence  of 
mechanical  properties  on  the  response  of  explosive  substances  that  are  thermally  and 
mechanically  damaged.  Mechanical  properties  can  be  determined  straightforward 
with  a  variety  of  rheometers.  The  mechanical  moduli  depend  on  temperature  and 
time-scale  of  the  experiment.  Furthermore,  the  mechanical  damage  at  low  velocity 
impact  may  be  correlated  to  Young’s  moduli,  yield  strength,  surface  under  a  stress- 
strain  curve,  elongation  at  break,  etc... 

In  order  to  understand  the  effect  of  explosive  content,  ranging  from  65  to  95  %  by 
weight  applying  processing  techniques  as  pressing,  casting  and  extruding,  and  the 
effect  of  binder  properties  on  the  formation  of  cracks  and  fragments  when  explosives 
are  mechanically  deformed,  a  more  pragmatic  approach  has  been  used  to  correlate 
damage  to  low  velocity  impact. 

The  Friability  test  is  one  of  the  tests  needed  to  determine  whether  an  explosive 
substance  can  be  declared  an  Extremely  Insensitive  Detonating  Substance  (BIDS),  see 
test  series  7  of  the  UN  Manual  of  Tests  and  Criteria,  Transport  of  Dangerous  Goods. 

In  this  test  a  cylindrical  sample  is  firstly  projected  against  a  steel  plate  at  about 
150  m/s,  and  secondly  the  collected  fragments  are  burnt  in  a  manometric  bomb.  The 
rate  of  pressure  increase  dp/dt  is  not  allowed  to  exceed  15  MPa/ms.  One  can  assume 
that  with  increasing  damage  to  the  cylindrical  charge  dp/dt  will  increase  also  due  to 
the  higher  surface  area  that  can  bum. 
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Experimental  work  has  been  directed  to  the  first  step  of  the  friability  test  only. 
Cylindrical  charges  are  accelerated  with  a  gasgun  and  impact  the  steel  plate  with 
velocities  ranging  from  80  to  150  m/s.  From  high  speed  video  films  it  is  clear  that 
fracture  in  the  charge  starts  at  the  interface  with  the  steel  plate.  Often  one  big  piece  is 
left  intact,  whereas  the  impact  side  of  the  charge  is  transformed  into  a  cloud  of  tiny 
fragments.  The  mass  of  the  tiny  fragments  is  determined  and  plotted  against  impact 
velocity.  One  can  clearly  distinguish  in  such  a  plot  the  effect  of  explosive  load  in  the 
PBX.  Furthermore,  at  an  almost  constant  explosive  load,  80  to  85  %  by  weight,  one 
can  see  the  effect  of  the  mechanical  properties  of  the  binder  on  the  damage  at  low 
velocity  impact. 

The  low  velocity  impact  experiments  require  only  about  3  charges  of  9.0  gram  each, 
and  are  performed  nowadays  as  another  control  parameter  to  adjust  the  final  mix  of 
the  binder  ingredients  for  cast-cured  compositions. 

In  paragraph  2  the  gas  gun  used  in  the  experiments  is  described.  In  paragraph  3  the 
compositions  and  mechanical  properties  of  the  plastic  bonded  explosives  are 
described.  And  in  paragraph  4  the  experimental  results  on  the  low  velocity  impact  are 
presented,  followed  by  discussion  and  conclusions  in  paragraph  5. 

2.  Experimental  equipment 

A  gas  gun  has  been  constructed  at  TNO  that  can  accelerate  projectiles  of  about  10 
grams  to  velocities  up  to  180  m/s.  This  gas  gun  is  used  for  example,  to  perform  the 
impact  experiment  corresponding  to  the  friability  test  described  in  test  series  7  in 
order  to  determine  whether  an  explosive  substance  can  be  declared  an  Extremely 
Insensitive  Detonating  Substance  *.  According  to  test  series  7,  the  cylindrical  charges 
have  a  diameter  of  9.0  ±  0. 1  gram,  and  a  diameter  of  1 8.0  ±  0. 1  mm.  The  same 
dimensions  apply  to  the  experiments  presented  here.  The  test  series  7  require  an  150 
ms"'  impact  velocity  of  the  charge  at  a  steel  plate,  whereas  the  impact  velocity  has 
been  varied  here  from  60  to  150  ms'*.  The  impact  velocity  can  be  varied  by  changing 
the  pressure  in  the  pressurization  vessel  of  the  gas  gun  and/or  the  position  of  the 
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charge  in  the  barrel.  The  actual  velocity  is  determined  by  measuring  the  time  lapse  of 
the  pulses  given  by  two  optical  sensors. 

The  lay-out  of  the  gas  gun  is  given  schematically  in  figure  1.  The  gas  gun  is  mounted 
at  the  outside  wall  of  the  test  cell  and  consists  essentially  of  a  pressurization  vessel 
(2),  a  barrel  (4),  and  two  valves  for  pressurization  (1)  and  firing  (3),  respectively.  The 
steel  target  plate  (5)  is  mounted  on  the  wall  opposite  side  of  gas  barrel.  A 
polymethylmethacrylate  (PMMA)  tube  (6)  is  placed  in  front  of  the  steel  plate  to 
collect  the  fragments  after  impact.  The  optical  sensors  (7)  for  the  velocity 
measurement  are  placed  in  front  of  this  PMMA  tube  at  a  fixed  position. 


also  reference  2. 

The  mass  of  every  charge  is  determined  before  every  experiment.  After  impact  the 
mass  lost  in  tiny  fragments  is  calculated  from  the  initial  mass  and  the  measured  mass 
of  the  unfragmented  charge. 

3.  Materials 

Plastic  bonded  explosive  (PBX)  charges  are  made  with  RDX  or  HMX  as  the 
explosive  substances,  and  the  corresponding  batches  will  be  referred  to  as  RU  and  HU 
respectively,  followed  by  a  batch  number.  The  explosive  charges  are  made  by 
pressing,  extruding  or  casting,  in  order  to  vary  the  explosive  content  from  65  tot  95  % 
by  weight.  As  well  monomodal,  bimodal  as  trimodal  mixtures  of  RDX  or  HMX  have 
been  used. 

All  compositions  are  based  on  HTPB  (hydroxy  terminated  polybutadiene),  and  cured 
with  EPDI  (iso-pherondiisocyanate).  IDP  (iso-dodecane  pelargonate)  or  DOA 
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(dioctyladipate)  is  employed  as  plasticizer.  The  mechanical  properties  of  the  binder 
are  changed  by  the  amount  of  curing  agent  IPDI,  or  the  eventual  addition  of  the  chain 
extender  TMHD  (trimethylhexanediol)  or  HDO  (hexanediol).  Batches  are  produced 
in  quantities  of  300  to  400  grams  typically. 

The  mechanical  properties  are  determined  with  a  draw-bench  with  a  shear  rate  of 
0.01  s'*  both  for  the  JANNAF  specimens  (a  crosshead  speed  of  50  mm/min)  as  well 
as  for  cylindrical  compression  samples.  The  mechanical  properties  are  determined  at 
room  temperature. 

In  table  1  the  compositions  of  the  cast  charges  are  given,  and  in  table  2  the 
compositions  of  the  pressed  and  extruded  batches.  The  mechanical  properties  of  the 
cast  compositions  are  determined  in  tension,  whereas  these  properties  of  the  pressed 
and  extruded  compositions  are  determined  in  compression. 

In  tables  1  and  2  the  RDX  or  HMX  solid  load  is  given,  the  amount  of  chain  extender 
per  unit  of  prepolymer  (only  table  1),  the  volume  average  explosive  crystal  diameter, 
the  Young’s  or  compression  modulus,  and  the  toughness  (only  table  1).  The 
toughness  is  equal  to  the  total  area  under  the  stress-strain  curve. 


Table  I:  Description  of  the  cast  compositions. 


solid  load 
xvt.% 

mol  chain  ext  / 
mol  prepolymer 

diameter 

pm 

Young’s 

modulus 

MPa 

toughness 

MPa 

RU128 

65 

0 

18 

5.6 

0.53 

65 

0 

180 

8.5 

0.16 

RU  144-1 

65 

0 

10 

3 

0.67 

RU  144-2 

65 

0 

10 

5.5 

0.62 

RU  147-2 

70 

0 

355 

- 

0.05 

RU  146-1 

85 

0.75  (TMHD) 

bimodal 

1.9 

0.12 

RU  146-2 

85 

0.75  (TMHD) 

bimodal 

1.34 

0.15 

HU  28 

85 

0 

trimodal 

17 

0.10 

HU  35-2 

85 

0 

16/350  bimodal 

12* 

- 

HU  36-1 

85 

1.0  (HDO) 

16/350  bimodal 

7* 

- 

HU  40-1 

80 

1.25  (TMHD) 

16/350  bimodal 

2.0 

0.27 

HU41-1 

80 

1.75  (TMHD) 

16/350  bimodal 

2.2 

0.27 

HU  39-1 

79 

2.5  (TMHD) 

16/350  bimodal 

40 

0.40 

*  Compression  modulus  instead  of  Young’s  modulus. 


1 
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Table  2:  Description  of  the  pressed  and  extruded  compositions. 


solid  load 

VV1.% 

diameter 

compiession  modulus 
MPa 

RU  132-2 

86.2 

18 

68 

RU  133-1 

86.2 

1 80 

79 

RU  129-1 

95 

18 

230 

RU  131-2 

95 

1 80 

- 

RU  128-2 

65 

18 

5.6 

RU  130-2 

65 

1 80 

6.7 

The  solid  load  has  a  strong  influence  on  the  Young’s  modulus  or  the  compression 
modulus,  because  the  respective  moduli  of  the  explosive  and  binder  phase,  differ 
several  orders  of  magnitude. 

From  table  1  (RU  128,  RU  130  and  RU  144)  and  table  2  it  appears  that  the  diameter 
of  the  crystal  influences  the  mechanical  properties.  With  increasing  mean  diameter  of 
the  crystal  the  elastic  modulus  tvill  increase,  while  at  the  same  time  the  toughness  will 
decrease. 

The  effect  of  adding  TMHD  (HU  39,  HU  40  and  HU  41)  is  to  increase  both  the 
modulus  as  the  toughness. 


4.  RESULTS 

In  figure  2  the  mass  of  the  tiny  fragments,  referred  to  as  mass  loss,  is  plotted  versus 
the  impact  velocity  of  the  charge  for  batch  RU  147-2.  The  mass  of  the  fragments  is 
obtained  by  subtracting  the  mass  of  the  remaining  intact  part  of  the  charge  from  the 
initial  mass  of  the  charge.  Both  data  of  9  gram  samples  and  7  gram  samples  are 
plotted.  The  latter  have  been  obtained  by  decreasing  the  diameter  of  charges  from  the 
same  batch  with  different  dimensions  in  order  to  have  more  charges  to  measure  the 
influence  of  impact  velocity.  There  is  no  difference  between  7  and  9  gram  samples. 
The  9  gram  samples  have  a  length/diameter  ratio  of  about  1,  indicating  that  the 
impact  time  is  governed  by  lateral  release  waves. 

With  charges  from  batch  RU  147-2  one  can  see  that  within  the  velocity  range  of  the 
applied  gas  gun  it  is  possible  to  have  non-fragmented  charges  (impact  velocity  <  75 
ms'‘)  and  completely  fragmented  charges  (impact  velocity  >  150  ms"'  for  9  gram 
samples).  The  curve  in  figure  2  is  found  by  a  fitting  the  data  to  a  power  law  function. 
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although  no  model  is  available  describing  the  fragmentation  of  a  heterogeneous  solid, 
in  such  an  experiment. 


Figure  2:  Gas  gun  experiments  with  RU 147-2.  Mass  loss  versus  impact  velocity. 


In  figure  3  the  mass  of  the  fragments  is  plotted  versus  impact  velocity  for  RDX- 
based,  monomodal  PBXs.  Note  that  the  mass  of  fragments  is  plotted  from  0  to 
2.5  grams,  in  order  to  show  the  effect  of  mechanical  properties  at  small  damage 
levels. 

Results  for  the  pressed  charges  RU  129  and  RU  13 1  are  not  shown,  as  the  charges  are 
fully  fragmented  at  velocities  as  low  as  70  ms'*.  Extruded  charges  RU  132  and 
RU  133  have  less  mechanical  damage  compared  to  the  pressed  charges.  Cast  charges 
RU  128  and  130  show  less  mechanical  damage  than  the  extruded  charges.  The  only 
difference  in  forementioned  batches  is  the  explosive  content,  RDX  crystals  have  a 
mean  diameter  of  18  or  180  )a.m.  The  mechanical  damage  in  gas  gun  experiments 
seems  to  be  directly  related  to  the  explosive  content  of  the  explosive,  which  is  in  turn 
directly  related  to  the  elastic  modulus,  see  tables  1  and  2. 
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Impact  velocity  (nVs) 


*  RU  144 
a  RU  128 
^RU  130 
xRU  132 
^RU  133 
,  RU  147 


Figure  3:  Gas  gun  experiments  with  monomodal,  RDX-based  charges.  Mass  loss 
versus  impact  velocity. 


It  seems  that  the  size  of  the  RDX  crystals  has  its  influence  too.  RU  144  (10  jam  RDX) 
has  the  same  65  wt.%  solid  load  as  RU  128  (18  urn)  and  RU  130  (180  |xm),  and 
shows  the  least  mechanical  damage  in  the  gas  gun  experiments.  RU  144  has  a  smaller 
Young’s  modulus  and  a  higher  toughness  compared  to  RU  128  and  RU  130. 


The  value  of  the  Young’s  modulus  is  not  the  only  parameter,  however,  that 
determines  the  mechanical  behaviour  in  low  velocity  impact.  RU  146  has  a  higher 
explosive  content  compared  with  RU  144,  but  has  a  smaller  Young’s  modulus.  This 
has  been  accomplished  by  using  a  bimodal  distribution  of  RDX  and  applying  a  chain 
extender.  The  velocity  at  which  1  gram  of  the  impacting  sample  is  fragmented  is 
105  ms’‘  for  RU  146  and  more  than  150  ms''  for  RU  144.  RU  144,  however,  has  the 
largest  toughness,  i.e.  the  largest  work  needs  to  be  performed  in  order  to  break  the 
sample. 
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In  figure  4  the  mass  of  the  fragments  is  plotted  versus  impact  velocity  for  HMX- 
based  PBXs.  In  this  figure  the  solid  load  is  almost  constant,  79  to  85  wt.%. 
Furthermore,  the  same  bimodal  distribution  of  HMX  crystals  has  been  employed, 
except  from  batch  HU  28. 

One  can  easily  rank  the  batches  to  their  sensitivity  for  mechanical  damage.  RU  28  is 
most  sensitive,  follovifed  by  HU  35,  HU  36,  and  HU  39.  HU  40  and  HU  41  show  the 
same  and  least  mechanical  damage  at  low  velocity  impact. 

The  effect  of  adding  1.25  or  1.75  mol  TMHD  per  mol  prepolymer  HTPB  on 
mechanical  properties  and  damage  at  low  velocity  imact,  seems  to  be  very  limited, 
although  addition  2.5  mol  TMHD  per  mol  HTPB  has  a  remarkably  negative  effect  on 
the  damage  level  in  the  gas  gun  experiments. 


Impact  velocity  (m/s) 


*HU 

00 

CM 

,HU 

35-2 

A  HU 

36-1 

xHU 

39 

xHU 

41 

+  HU 

40 

Figure  4:  Gas  gun  experiments  with  HMX-based  charges,  effect  of  binder  variations. 
Mass  loss  versus  impact  velocity. 
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4.  Discussion  and  conclusions 

Internal  damage  can  be  imposed  to  plastic  bonded  explosives  already  at  impact 
velocities  of  20  to  100  ms"',  see  reference  3  This  internal  damage  has  shown  to  lower 
the  critical  shock  initiation  pressure  of  these  PBXs.  In  this  paper  PBXs  have  been 
damaged  more  severely,  to  an  extent  that  part  of  a  charge  is  fragmented. 

It  is  assumed  that  with  increasing  damage  to  the  cylindrical  charge  dp/dt  will  increase 
also  due  to  the  higher  surface  area  that  can  bum.  In  reference  4,  for  example,  the 
relation  between  dp/dt  and  impact  velocity  has  been  investigated  for  the  same  impact 
velocity  regime  as  considered  here  and  results  confirm  the  assumption. 

In  this  paper  it  has  been  shown  that  the  mechanical  damage  at  low  velocity  impact  is 
strongly  governed  by  the  elastic  moduli  of  monomodal  PBXs.  A  PBX  with  a  lower 
explosive  content  and  with  smaller  explosive  crystals  is  less  liable  to  mechanical 
damage. 

When  applying  bimodal  instead  of  monomodal  crystal  distributions,  however,  no 
direct  correlation  has  been  found  comparing  the  mechanical  damage  in  low  velocity 
impact  and  the  Young’s  modulus  of  the  two  crystal  size  distributions.  The  Young’s 
modulus  is  a  mechanical  property  representing  the  proportion  between  the  force 
acting  on  the  material  and  the  deformation  of  the  material,  in  the  linear  viscoelastic 
regime.  The  damage  imposed  by  the  low  velocity  impact  experiments  is  such  that  the 
material  fragments  and  one  should  take  into  account  the  work  needed  to  deform  the 
material  up  to  the  point  of  failure,  i.e.  the  toughness  of  the  material. 

In  reference  5  a  rationale  is  given  to  obtain  so-called  damage  resistance  compositions 
by  application  of  binder  systems  with  sufficient  tensile  strength  and  extremely  high 
elongations,  i.e.  to  have  a  high  toughness. 

Even  when  the  relation  between  mechanical  properties  (tensile/compression  modulus 
and/or  toughness)  and  damage  at  low  velocity  impact  is  not  accurately  known,  one 
can  easily  perform  experiments  with  a  gas  gun  and  measure  the  mass  of  the 
unfragmented  charge,  in  order  to  know  how  the  binder  ingredients  have  to  be  adjusted 
to  obtain  a  PBX  which  is  relatively  insensitive  to  mechanical  damage.  Today  this  is 
done  at  TNO  for  cast-cured  compositions. 
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5.  Abbreviations 

DOA  dioctyladipate 

HDO  hexanediol 

HMX  cyclotetramethylenetetranitramine 

HTPB  hydroxy  terminated  polybutadiene 

IDP  iso-dodecane  pelargonate 

IPDI  iso-pherondiisocyanate 

PBX  plastic  bonded  explosive 

PMMA  polymethylmethacrylate 

RDX  cyclotrimethylenetrinitramine 

TMHD  trimethylhexanediol 
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PROCESSING  AND  CHARACTERIZATION  OF  GUN  PROPELLANT 
FORMULATIONS  CONTAINING  ENERGETIC  THERMOPLASTIC  ELASTOMERS 
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Abstract 


Over  the  last  few  years,  the  Defence  Research  Establishment  of  Valcartier  (DREV)  has 
been  involved  in  the  development  and  synthesis  of  energetic  thermoplastic  elastomers 
(ETPEs)  to  be  incorporated  as  a  binder  in  energetic  materials.  One  of  these  ETPEs, 
based  on  linear  GAP-1000,  is  presently  used  in  high  energy,  low  vulnerability  gun 
propellant  formulations.  Several  formulations  containing  this  new  ETPE  and  an 
energetic  plasticizer  (nitrate  ester)  have  been  processed  and  evaluated.  The  energies 
provided  by  these  new  formulations  are  up  to  1300  J/g. 

A  characterization  of  these  formulations  is  presented  in  this  paper.  The  properties  are 
also  compared  to  those  obtained  for  a  LOVA  formulation  of  reference  containing  an 
inert  plasticizer  as  well  as  an  inert  binder. 
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Introduction 


Over  the  last  years,  the  Defence  Research  Establishment,  Valcartier  (DREV)  has  been 
conducting  research  work  in  the  replacement  of  cellulose  acetate  butyrate  (CAB),  the 
inert  binder  used  in  the  baseline  formulation  of  LOVA-type  gun  propellants.  Gun 
propellant  formulations  with  CAB  are  known  for  not  having  a  good  mechanical 
behaviour  and  more  especially  under  cold  conditions.  The  preferred  way  to  improve  the 
mechanical  properties  of  the  LOVA-type  gun  propellants  developed  at  DREV  was  the 
introduction  of  thermoplastic  elastomers  (TPEs)  in  the  formulations.  Formuiations  with 
inert  TPEs  were  processed  and  have  shown  an  improvement  in  the  mechanical 
properties  of  the  gun  propellant  grains  (ref.1).  Even  if  the  addition  of  an  inert  TPE  was 
already  an  important  improvement  over  the  baseline  formulation,  there  were 
requirements,  expressed  and/or  expected,  for  the  development  of  formulations  that 
couid  still  increase  the  ammunition’s  performance. 

Concurrently  to  the  research  work  in  gun  propellants,  DREV  is  also  involved  in  the 
synthesis  of  energetic  thermoplastic  eiastomers  (ETPEs)  to  be  used  in  energetic 
materials.  Although  these  new  materials  were  meant  to  be  used  in  melt-cast 
explosives,  some  have  been  incorporated  as  a  binder  in  gun  propellant  formulations. 

At  DREV,  the  uitimate  aim  of  using  an  EPTE  in  a  gun  propellant  formulation  is  to  see  if 
a  formulation  containing  only  energetic  ingredients  could  be  achievable  and  still  have 
low  vulnerability  characteristics. 

Other  laboratories  have  also  undertaken  similar  research  work  to  synthesize  and 
incorporate  energetic  TPEs  (ETPEs)  or  energetic  polymers  of  other  types  in  gun 
propellant  formulations.  In  the  US,  an  ETPE  which  has  been  studied  a  lot  is  the 
BAMO/AMMO  (refs.2,3).  In  the  UK  work  has  been  undertaken  with  a  different  route 
and  polymers  such  as  Poly-NIMMO  and  Poly-GLYN  are  considered  for  their 
introduction  into  the  formulations  (ref.4). 


36-3 


In  Canada,  a  GAP-based  ETPE  synthesised  at  DREV  has  been  incorporated  in  the 
gun  propellant  formulations  and  has  provided  very  interesting  results  (refs.  5,6).  One  of 
the  other  aspects  of  incorporating  a  TPE  energetic  or  not  in  a  gun  propellant 
formulation  is  that  it  opens  the  door  to  a  recyclable  material  which  is  a  very  interesting 
feature.  Since  it  is  becoming  more  and  more  evident  that  all  the  new  munitions  will  be 
designed  with  the  idea  to  know  exactly  what  to  do  with  them  from  “cradle  to  grave”,  the 
study  of  recyclable  materials  is  an  important  feature. 

The  object  of  the  paper  is  to  present  results  obtained  so  far  with  gun  propellant 
formulations  containing  ETPEs  formulated  at  DREV. 


ETPEs 


In  this  study,  three  ETPEs  were  prepared  according  to  the  method  presented  in  ref. 5 
and  incorporated  in  the  formulations.  They  were  all  solvated  in  ethyl  acetate  prior  to 
their  incorporation  with  the  other  ingredients.  These  ETPEs  were  based  on  linear  GAP 
and  on  two  other  polymers  named  here  A  and  B. 


Theoretical  Evaluation 


A  theoretical  evaluation  of  the  impetus  of  the  formulations  containing  these  ETPEs  was 
conducted  using  the  BAGHERRA  computer  code.  This  thermodynamic  computer  code 
predicts,  among  other  things,  the  impetus  level  or  the  «  potential  force  »  of  the 
formulations.  The  impetus  levels  of  some  formulations  as  well  as  the  one  for  the 
reference  formulation  (for  comparison  purpose)  are  presented  in  Table  1 .  The 
theoretical  data  presented  were  obtained  with  a  loading  density  of  0.15  g/cm"*  . 
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Table  1.  Theoretical  Impetus  levels  of  formulations  containing  ETPEs 


FORMULATION 

BINDER 

REFERENCE 

CAB 

1012 

2539 

36 

INERT  TPE 

1231 

3164 

73 

GAP-based  ETPE 

1304 

3457 

90 

GAP-based  ETPE 

1337 

3556 

As  expected  and  demonstrated  in  Table  1,  the  formulations  containing  ETPEs  have 
higher  impetus  levels.  An  energetic  nitrate  ester  plasticizer  was  used  for  all 
formulations  except  the  reference  where  an  inert  one  was  used  ATEC  (Acetyl  T riethyl 
Citrate).  The  percentage  of  the  binder  in  the  formulations  varied  between  9  and  12%. 
Impetus  values  up  to  1337  J/g  are  predicted  by  BAGHEERA.  This  represents  an 
increase  of  more  than  30%  when  compared  to  the  reference  baseline  formulation. 
Although  these  Impetus  levels  are  very  interesting,  they  do  not  always  directly  translate 
Into  higher  performance  when  introduced  in  a  gun.  Another  aspect  that  should  be 
noted  is  the  predicted  values  of  the  flame  temperatures.  High  flame  temperatures  like 
the  ones  in  Table  1  are  not  suitable  since  they  would  imply  gun  barrel  erosion. 
Depending  on  the  application  chosen  for  these  high  energy  propellants,  a  compromise 
will  certainly  have  to  be  made  between  energy  and  erosion. 


Processing  characteristics 

All  the  formulations  were  processed  with  an  energetic  plasticizer  and  all  the  other 
ingredients  of  LOVA-type  formulations  in  a  sigma-blade  mixer.  The  technique 
described  in  ref.7  for  the  preparation  of  solvent-based  formulations  was  used.  Also  all 
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the  formulations  were  extruded  in  a  seven  perforation  cylindrical  geometry.  The  outside 
diameter  of  the  grains  was  6.35  mm  (0.25  in).  However,  the  formulations  did  not  all 
have  the  same  processing  behaviour.  One  thing  was  constant  though,  in  ali  cases, 
another  ingredient  had  to  be  incorporated  in  the  formulations  to  stiffen  the  propellant 
grains  that  were  too  soft.  For  the  three  types  of  ETPEs,  the  addition  of  small  quantities 
were  sufficient  to  solve  the  problem. 

Most  of  the  formulations  were  processed  with  GAP-based  ETPEs  since  these  materials 
were  available  in  larger  quantities.  Their  behaviour  during  the  evaporation  step  differed 
than  what  was  observed  for  the  reference  formulation.  The  consistency  of  the  dough 
prior  to  the  extrusion  was  softer  that  the  one  obtained  for  the  baseline  formulation.  This 
phenomenon  was  also  noted  for  the  formulations  containing  polymers  A  and  B  but  to  a 
more  important  level.  The  formulations  with  the  A-based  ETPE  were  more  difficult  to 
extrude  with  a  perfect  geometry.  In  some  cases,  the  perforations  were  not  properly 
formed  and  tend  to  collapse.  It  is  not  possible  at  this  time  to  state  that  one  of  the  three 
ETPEs  was  easier  to  process  than  the  other  two  due  to  the  limited  amount  of 
formulations  that  were  processed.  Optimization  of  the  ingredient  ratio  in  these  new 
formulations  is  still  going  on  as  well  as  their  rheological  characterization. 

The  fact  that  all  the  formulations  could  be  processed  with  a  technique  similar  to  the  one 
used  for  the  reference  formulation  is  an  important  aspect.  Since  a  modification  in  a 
processing  procedure  implies  a  lot  of  effort,  keeping  it  the  same  becomes  an  advantage 
for  the  use  of  these  new  materials. 


Ballistic  evaluation 


A  ballistic  evaluation  was  conducted  on  the  most  promising  formulations.  Some  of  the 
results  obtained  from  experiments  in  a  700  cm’  closed  bomb  vessel  are  reported  in 
Table  II.  A  Kistler  piezoelectric  gauge  was  use  to  take  the  pressure  measurements  and 
a  loading  density  of  0.15  g/cm’was  selected  for  ali  the  experiments.  Three  experiments 
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were  conducted  for  each  of  the  formulations  tested. 


Table  II.  Ballistic  evaiuation  of  gun  propeliant  formuiations  containing  ETPEs 


FORMULATION 

BINDER 

RELATIVE 

IMPETUS 

REFERENCE 

INERT 

188  (27320) 

- 

36 

INERT  TPE 

205(29685) 

1.09 

73 

GAP-based  ETPE 

225  (32583) 

1.19 

90 

GAP-based  ETPE 

225  (32600) 

1.19 

95 

GAP-based  ETPE 

218(31630) 

1.16 

133 

A-based  ETPE 

222  (32181) 

1.18 

As  one  couid  expect  and  shown  in  Table  II,  all  the  formulations  containing  an  ETPE 
have  a  relative  impetus  higher  than  the  formulation  of  reference,  it  can  also  be  noted 
that  the  rank  of  the  relative  impetus  is  slightly  different  than  the  one  predicted  by  the 
theoreticai  vaiues  reported  in  Tabie  I  by  BAGHEERA.  However,  this  ranking  is  close 
enough  to  the  one  proposed  by  BAGHEERA  that  they  can  be  considered  simiiar. 

Since,  as  stated  in  ref.8,  care  should  be  taken  when  comparing  data  from 
thermodynamic  computer  codes,  the  rank  suggested  by  the  bailistic  data  should  prevail. 
In  certain  cases,  formulations  had  the  same  relative  impetus.  In  these  cases, 
preference  will  be  given  to  the  formulations  that  will  demonstrate  the  best  mechanical 
behaviour.  Erosion  is  also  a  very  important  issue.  A  preference  will  also  be  given  to 
the  less  erosive  formulations.  In  order  to  study  the  erosivity  of  gun  propellants, 
conventional  and  LOVA-type,  a  set-up  has  recently  been  installed  at  DREV  and  will  be 
soon  used  to  test  the  new  formulations  containing  ETPEs. 
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Mechanical  properties 

The  mechanical  properties  of  the  formulations  are  also  a  very  important  factor  to 
consider  when  developing  low  vulnerability  or  any  type  of  gun  propellants.  As  stated  in 
the  introduction,  the  main  purpose  of  adding  a  TPE  inert  or  energetic  in  a  formulation  is 
to  obtain  gun  propellant  grains  with  a  more  elastic  behavior.  The  first  results  obtained 
with  a  Drop-Weight  Mechanical  Property  Tester  (DWMPT)  according  to  the  method 
described  in  ref.  9  are  promising.  They  have  shown  that  these  ETPE  formulations  were 
not  as  stiff  as  the  formulation  of  reference  and  exhibited  a  better  mechanical  behaviour 
in  cold  conditions  (-20°C).  The  results  of  the  DWMPT  experiments  will  be  available  in 
the  near  future. 


Conclusion 


Three  energetic  thermoplastic  elastomers  (ETPEs)  have  been  synthesized  at  DREV 
and  evaluated  in  high  energy  LOVA-type  gun  propellant  formulations.  The  results 
obtained  so  far  with  the  formulations  containing  these  new  binders  are  promising. 

The  formulations  containing  these  new  materials  were  processed  with  the  solvent- 
based  technique  currently  available  for  standard  LOVE-type  gun  propellant 
formulations.  Presently,  the  ones  containing  GAP-based  ETPEs  appear  to  be  the 
easiest  ones  to  process. 

The  data  obtained  from  the  BAGHEERA  computer  code  and  the  ballistic  experiments 
have  demonstrated  that  these  new  formulations  have  an  impetus  level  about  20  to  30% 
higher  than  the  one  for  the  baseline  LOVA  formulation. 
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EFFECT  OF  PROCESS  TYPE  ON  PROPELLANT  PROPERTIES 
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Abstract 


Due  to  enviromnental  pressure  because  of  the  solvents  used  and  other  factors  such 
as  possible  cheaper  and  more  reproducible  processing,  shorter  process  cycles  and 
improved  propellant  properties,  the  solvent-free  propellant  process  was  evaluated 
against  the  more  commonly  used  solvent  process  for  gun  propellant  manufacturing. 
This  paper  investigates  and  compares  the  two  processing  techniques,  the  processing 
limits  and  the  propellant  formulation  criteria.  Various  propellant  properties  such  as 
the  chemical,  thermochemical,  mechanical,  dimensional  and  ballistic  properties 
were  determined  and  evaluated.  Certain  conclusions  are  made  regarding  the 
advantages  and  disadvantages  of  the  solvent-free  process  compared  to  the  solvent 
process. 


1  INTRODUCTION 

The  propellant  formulations  presently  in  production  are  mostly  of  a  conventional  nature  and  are 
processed  according  to  the  solvent  process  with  ethyl  acetate,  ether,  acetone  and  ethanol  as  the 
typical  solvents  used.  A  new  generation  of  propellants  are  sought  which  will  have  improved 
properties  with  regards  to  banel  erosion,  combustion  characteristics,  sensitivity,  vulnerability 
and  processability.  Because  of  enviromnental  pressures  on  the  solvents  used  and  to  improve  the 
processability,  especially  regarding  the  reproducibility  of  the  propellant  dimensional 
parameters  such  as  web  and  perforation,  solvent-free  processed  propellants  are  sought. 

In  order  to  improve  barrel  erosion  cooler  burning  propellants  are  required  and  therefore 
formulations  ■with  lower  flame  temperatures  were  investigated.  The  ballistic  performance  of  a 
new  propellant  should  be  at  least  the  same  or  better  than  that  of  the  currently  used  propellants 
and  therefore  the  specific  energy  of  such  new  propellants  must  be  the  same  or  higher. 
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The  sensitivity  and  vulnerability  of  a  propellant  formulation  is  a  function  of  the  propellant 
components  and  by  carefully  scrutinising  and  selecting  the  components  the  sensitivity  and 
vulnerability  of  propellant  formulations  can  be  greatly  improved. 

1.1  CRITERIA  FOR  NEW  PROPELLANT  PROPERTIES 

The  following  propellant  properties  have  been  set  as  a  guideline  for  the  development  of  new 
propellant  formulations: 

-  Thermochemical  properties: 

♦  Specific  energy  >  1040  J/g 

♦  Flame  temperature  <  2900  K 

♦  Molecular  mass  of  combustion  gasses  <  23  g/mole 

-  Theoretical  density  >  1 .50  g/cm3 

1.2  PROCESSING  PARAMETERS 

Irrespective  of  the  guidelines  for  all  the  other  propellant  properties,  one  of  the  most  critical 
parameters  is  that  the  propellant  formulations  must  be  processable.  At  present  two  basically 
different  types  of  manufacturing  processes  are  being  used,  namely: 

-  The  solvent  process 

-  The  solvent-free  process 

The  processing  parameters  for  the  two  types  of  processes  differ  considerably  and  we  will 
concentrate  on  propellant  formulations  that  can  be  processed  according  to  both  processes. 
During  previous  development  work  the  processing  parameters  for  the  solvent  process,  when 
using  nitrocellulose  (NC)  as  binder,  have  been  determined  and  they  are  basically  as  follows: 

-  Effect  of  binder  :  plasticiser  ratio  on  propellant  processing: 


♦  binder :  plasticiser 

>2 

processing  not  possible 

♦  binder :  plasticiser 

1- 1.5 

good  processing 

♦  binder :  plasticiser 

<1 

too  soft,  poor  processing 

-  Crystalline  content  <  50% 

A  high  crystalline  content  can  be  accommodated  with  the  solvent  process,  but  for  the  solvent- 
free  proeess  the  crystalline  content  should  not  exceed  50%  and  beeause  the  propellant 
formulations  must  be  processable  with  both  processes  we  will  strive  to  maintain  the 
concentration  of  crystalline  material  at  50%  or  less. 
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2  SELECTION  OF  CANDIDATE  PROPELLANT  FORMULATIONS 

2.1  THEORETICAL  FORMULATIONS 

A  new  generation  of  propellant  formulations  with  a  specific  energy  and  flame  temperature  that 
complies  with  the  previously  stated  thermochemical  criteria  (refer  to  1.1)  and  which  could  be 
processed  by  the  solvent-free  process,  was  investigated.  Various  series  of  propellant 
formulations  were  investigated  and  the  general  guideline  for  the  selection  of  the  formulations 
were  the  following: 

-  binder  to  plasticiser  ratio  between  1.0  and  1.5  : 1 
the  NC  was  to  be  kept  between  25%  and  40% 

-  crystalline  content  <  50% 

A  series  of  propellant  formulations  were  selected  according  to  the  above  criteria  for 
processability  and  the  concentrations  of  the  components  were  all  varied  in  fixed  increments 
between  the  upper  and  lower  limits  of  the  feasible  processing  range.  A  large  number  of 
formulations  were  generated  that  complied  with  the  processability  and  the  thermochemical 
criteria.  In  order  to  reduce  this  list  further,  tighter  constraints  were  applied.  This  list  was  finally 
reduced  to  5  propellant  formulations  that  could  be  experimentally  processed  and  evaluated. 

3  TEST  AND  EVALUATION  RESULTS 

All  5  formulations  were  successfully  processed  according  to  both  the  solvent  and  the  solvent- 
free  process.  The  results  from  the  various  test  and  evaluation  facilities  are  discussed  below. 

3.1  CHEMICAL  AND  SENSITIVITY  PROPERTIES 

The  laboratory  analysis  of  the  densities,  energy  values  and  tvs  (total  volatile  substances)  results 
of  the  experimental  propellants  are  reported  in  Table  1.  The  solvent  processed  samples  are 
designated  SOL  and  the  solvent-free  SF.  The  densities  of  the  SOL  and  SF  propellants  are 
graphically  presented  in  Figure  1 . 
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Table  1:  Densities.  Energy  Values  and  TVS  of  Experimental  Propellant  Formulations 


Formulation 

No 

Density 

(g/cm5 

Energy  Value 

(J/g) 

TVS 

(%) 

SOL 

SF 

SOL 

SF 

SOL 

SF 

1 

1.581 

1.582 

3738 

3716 

0.57 

1.14 

2 

1.619 

1.604 

3759 

3753 

0.56 

1.09 

3 

1.595 

1.580 

3743 

3703 

0.54 

0.92 

4 

1.604 

1.588 

3748 

3725 

0.67 

1.26 

5 

1.618 

1.595 

3708 

3726 

0.63 

0.97 

There  is  a  very  good  correlation  between  the  energy  values  of  the  SOL  and  SF  formulations 
which  shows  that  no  variances  in  the  formulations  occurred  during  the  processing.  This  effect 
is  also  noticeable  from  the  maximum  pressure  values  recorded  during  closed  vessel  firings. 

The  samples  from  the  solvent  process  are  all  drier  (lower  tvs)  than  the  samples  from  the 
solvent-free  process.  This  is  because  the  SOL  samples  were  dried  in  an  oven  for  a  number  of 
days  and  the  SF  samples  were  only  dried  for  a  few  hours  to  remove  surface  water  picked  up 
during  the  cutting  process.  The  difference  between  the  tvs  values  of  the  SOL  and  SF  samples 
will  gradually  disappear  as  the  samples  reach  an  equilibrium  with  the  atmospheric  conditions. 


Figure  1:  Densities  of  Solvent  and  Solvent-Free  Processed  Propellant  Formulations 
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The  densities  of  the  solvent  processed  samples  are  in  all  cases  the  same  or  higher  than  that  of 
the  solvent-free  samples.  Samples  2  and  5  have  the  highest  densities,  irrespective  if  the  SOL  or 
SF  samples  are  used,  and  this  correlates  with  these  two  samples  also  having  the  highest 
crystalline  content. 

The  methyl  violet  stability  test  was  performed  on  all  10  samples  (SOL  and  SF)  of  the  5 
propellant  formulations  and  no  sign  of  a  colour  change  or  of  fumes  after  60  minutes  at  the  test 
conditions  were  reported.  The  stability  values  of  these  propellants  are  therefore  at  least  as  good 
as  those  of  conventional  propellants. 

3.2  MECHANICAL  PROPERTIES 

The  stress,  strain,  Young’s  Modulus  and  impact  tests  results  of  the  experimental  propellants  are 
reported  in  Table  2.  A  graphical  presentation  of  the  stress,  strain  and  Young’s  Modulus  of  the 
experimental  propellants  are  given  in  Figure  2  respectively. 


Table  2:  Mechanical  Properties  of  Experimental  Propellant  Formulations 


Formula¬ 
tion  No 

Strain 

(%) 

Young’s  Modulus 
(MPa) 

Impact  Strength 

(kJ/m^) 

SOL 

SF 

SOL 

SF 

SOL 

SF 

SOL 

SF 

1 

11.9 

4.8 

31.3 

33.5 

138.5 

24.0 

37.7 

18.81 

14.6 

5.9 

14.8 

28.6 

352.3 

29.6 

25.86 

11.59 

13.8 

5.9 

21.2 

33.2 

298.8 

26.9 

38.79 

20.00 

H 

15.6 

7.6 

24.4 

27.0 

422.1 

80.2 

34.70 

19.43 

WM 

14.8 

6.3 

22.0 

24.9 

407.2 

49.9 

35.35 

15.19 

There  is  a  good  correlation  between  the  stress  values  of  the  solvent  processed  formulations  and 
between  the  stress  values  of  the  solvent-free  formulations.  However,  the  stress  values  of  the 
solvent  processed  formulations  are  approximately  double  that  of  the  solvent-free  formulations. 
There  is  far  less  variance  between  the  different  samples  of  the  solvent  processed  formulations 
or  between  the  solvent-free  processed  formulations  for  that  matter,  than  between  the  same 
formulation  processed  according  to  the  two  different  processes.  In  this  case  the  type  of  process 
has  a  larger  influence  on  the  stress  values  than  the  type  of  formulation. 
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Figure  2;  Stress.  Strain  and  Young’s  Modulus  of  Experimental  Propellant  Formulations 
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More  or  less  the  same  trend  is  noticeable  for  the  strain  values  but  here  the  solvent  processed 
formulations  show  the  lower  values  for  all  the  formulations.  The  Young’s  Modulus  values  of 
the  solvent-free  processed  formulations  are  of  more  or  less  the  same  order  of  value,  but  the 
values  of  the  solvent  processed  formulations  show  great  variance. 

The  conclusion  can  be  made  that  the  solvent-free  processed  samples  are  softer  and  perhaps 
more  rubbery  and  therefore  less  stress  is  required  before  they  break  than  the  solvent  processed 
formulations.  On  the  other  hand  because  they  are  softer  and  have  more  “give”  they  experience 
far  more  strain  or  elongation  before  breakpoint  is  reached.  It  is  interesting  to  note  that  the  two 
processes  create  more  variance  than  the  different  formulations  do. 

The  impact  strengths  of  the  experimental  propellants  are  graphically  presented  in  Figure  3. 

The  Impact  strength  shows  the  same  trend  as  was  the  case  with  the  stress  values  namely  that 
the  impact  strength  of  the  solvent  processed  formulations  are  approximately  double  that  of  the 
solvent-free  formulations.  Here  again  the  type  of  process  generates  more  variance  in  the  impact 
strength  values  than  the  type  of  formulation.  The  same  conclusion  as  for  the  tensile  tests  can  be 
made  namely  that  the  solvent  processed  formulations  are  harder  and  need  more  impact  energy 
(kJ/m^)  before  the  samples  break  than  is  the  case  with  the  solvent-free  processed  formulations. 


Impact  Strength 

45 - 

40 - 


Samples 


Figure  3:  Impact  Strength  of  Experimental  Propellant  Formulations 
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3.3  DIMENSIONAL  DATA 

The  length,  diameter,  web  and  perforation  of  each  propellant  were  measured  and  is  reported  in 
Table  3.  The  diameter,  web  and  perforation  dimensions  of  each  propellant  relative  to  the  die 
dimensions  are  graphically  presented  in  Figure  4. 


Table  3:  Dimensional  Data  of  Experimental  Propellant  Formulations 


Formulation 

Length 

Diameter 

Web 

Perforation 

No 

(mm) 

(mm) 

(mm) 

(mm) 

SOL 

SF 

SOL 

SF 

SOL 

SF 

SOL 

SF 

1 

13.92 

13.06 

6.30 

1.95 

2.37 

2.41 

2 

13.73 

13.34 

6.30 

1.92 

2.35 

2.46 

3 

13.66 

13.30 

6.21 

1.90 

2.56 

2.41 

2.78 

4 

13.80 

13.51 

6.41 

7.83 

1.99 

2.56 

2.43 

2.71 

5 

14.08 

13.33 

6.54 

7.79 

2.00 

2.51 

2.55 

2.78 

Die 

±14 

7.0 

2.15 

2.70 

All  the  solvent  processed  samples  showed  web,  diameter  and  perforation  shrinkage  whereas  all 
the  solvent-free  processed  samples  showed  web,  diameter  and  perforation  swell.  These 
tendencies  were  expected  as  the  removal  of  the  solvent  from  the  solvent  processed  samples 
typically  causes  shrinkage  and  the  solvent-free  processed  samples,  which  are  more  rubbery, 
typically  show  die  swell.  The  shrinkage  of  the  web,  diameter  and  perforation  of  the  solvent 
processed  samples  are  more  or  less  of  the  same  order  with  an  average  value  of  approximately 
10%.  The  die  swell  of  the  diameter  and  web  of  the  solvent-free  processed  samples  are  more  or 
less  of  the  same  order  but  the  die  swell  of  the  perforations  are  percentage  wise  far  less  and 
typically  of  the  order  of  3%  or  less. 

The  web,  diameter  and  perforation  of  all  the  solvent  processed  and  the  solvent-free  processed 
samples  came  out  differently  to  the  original  die  configuration.  This  must  be  allowed  for  in  the 
die  design.  This  experiment  did  not  evaluate  the  consistency  or  reproducibility  of  the  die  swell 
or  shrinkage,  but  from  previous  experience  the  reproducibility  or  repeatability  of  the  solvent- 
free  process  should  be  better  because  it  is  basically  only  a  function  of  the  formulation  and  not 
of  the  formulation  and  the  percentage  solvent  as  is  the  case  with  the  solvent  processed  formu¬ 
lations.  In  the  latter  case  a  variation  in  the  percentage  solvent  used  and  a  variation  in  the  drying 
conditions  can  both  lead  to  variations  in  the  percentage  shrinkage  of  the  propellant  dimensions. 
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3.4  BALLISTIC  PROPERTIES 
3.4.1  Closed  Vessel  Results 

Closed  vessel  test  firings  were  performed  in  the  300  cm*  closed  vessel  at  a  charge  mass  of  45g 
which  gives  a  loading  density  of  0.150g/cm*.  Because  the  specific  energy  of  all  5  propellant 
formulations  are  similar  the  maximum  pressure  generated  should  be  and  was  approximately  the 
same.  Single  perforation  propellant  pellets  were  used.  The  maximum  pressure,  relative 
quickness  and  the  average  dynamic  vivacity  are  given  in  Table  4.  The  relative  quickness  of  the 
experimental  propellants  are  graphically  presented  in  Figure  5. 
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The  maximum  pressure  of  all  5  formulations  for  both  processes  are  very  similar  and  range  from 
151.5  MPa  to  155.7  MPa.  This  should  be  so  because  all  5  formulations  have  similar  specific 
energy  values.  The  relative  quickness  and  dynamic  vivacity  of  the  formulations  differ  quite 
considerably  with  formulations  1  and  2  noticeably  higher  than  the  other  three  formulations. 
This  tendency  is  the  same  for  both  types  of  processes.  The  relative  quickness  of  the  solvent 
processed  samples  are  approximately  18%  higher  than  the  solvent-free  processed  samples  for 
all  5  formulations.  This  trend  can  be  explained  by  the  fact  that  because  of  die  swell  and 
shrinkage  the  average  web  of  the  solvent  processed  samples  is  approximately  25%  smaller  than 
the  average  web  of  the  solvent-free  processed  samples.  It  is  difficult  to  deduct  if  the  total  trend 
can  be  ascribed  to  the  difference  in  the  webs  for  a  specific  formulation  or  if  the  type  of  process 
also  Influences  the  quickness  of  the  propellant  samples. 

3.4.2  Combustion  Characteristics 

The  burning  rate  of  a  propellant  is  represented  by  tbe  following  equation; 
r  =  PP“ 

Therefore; 


log  r  =  log  P  +  a  log  P 

A  graph  of  the  log  of  the  measured  burning  rate,  r,  versus  the  log  of  the  measured  pressure,  P, 
is  a  linear  relationship  for  conventional  propellants  with  the  slope  of  the  graph  equal  to  a,  the 
burning  rate  exponent,  and  the  intersection  equal  to  log  P,  the  burning  rate  constant. 

The  burning  rates  were  determined  from  5  shots  fired  at  different  loading  densities  namely  36g, 
42g,  48g,  54g  and  60g  per  300  cm^  closed  vessel.  Four  different  models  were  used  to  determine 
the  burning  rates  and  for  comparative  reasons  the  burning  rates  according  to  the  Nobel  Abel 
method,  which  uses  actual  closed  vessel  parameters,  were  used.  These  burning  rate  parameters 
are  given  in  Table  5.  The  burning  rate  graphs  of  the  solvent-free  samples  according  to  the 
Nobel  Abel  method  (closed  vessel  parameters)  only,  are  presented  in  Figure  6. 

In  samples  3,  4  and  5  a  possible  break  in  the  linear  burning  rate  curve  occurs  and  if  this  break- 
in-the-curve  is  taken  into  account  and  the  a’s  and  P’s  for  both  sections  of  the  curve  are 
determined  separately,  the  theoretically  calculated  burning  rates  at  350  MPa  are  obtained  as 
presented  in  Figure  7. 
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Figure  6;  Bumine  Rates  of  Solvent-Free  Propellant  Formulations 


In  each  case  the  burning  rate  of  the  SF  propellants  are  higher  than  that  of  the  SOL  propellants. 
The  difference  between  the  burning  rates  of  the  SF  and  SOL  propellants  are  more  or  less 
constant.  The  effect  of  the  difference  in  the  webs  between  the  samples  of  the  2  types  of 
processes  should  not  play  a  role  in  the  determination  of  the  burning  rate  as  was  the  case  with 
the  relative  quickness  of  the  propellants.  The  thermochemical,  dimensional  and  configuration 
data  of  the  propellant  samples  are  all  taken  into  consideration  when  calculating  the  burning 
rate.  It  is  the  linear  burning  rate  in  mm/s  that  is  determined  and  this  value  should  be 
independent  of  the  propellant  sample  configuration. 
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As  was  the  case  with  the  relative  quickness,  the  burning  rate  of  samples  1  and  2  are  higher  than 
for  samples  3,  4  and  5  for  both  types  of  processes.  There  is  a  definite  break-in-the-curve  for 
samples  3,  4  and  5  and  when  this  is  taken  into  account  the  burning  rate  of  the  solvent-free 
processed  samples  are  higher  than  that  of  samples  1  and  2. 


4  CONCLUSIONS 

For  the  same  formulation  the  type  of  manufacturing  process  plays  an  important  role  in 
determining  the  propellant’s  density  and  its  physical,  mechanical  and  ballistic  properties.  In 
general  the  solvent  processed  samples  are  harder  and  more  brittle  whereas  the  solvent-free 
processed  samples  are  more  rubbery  and  have  more  “give”. 

♦  Five  propellant  formulations  were  selected  that  complied  with  the  thermochemical  and 
theoretical  density  requirements. 

♦  All  5  propellant  formulations  were  successfully  processed  with  both  the  solvent  and  the 
solvent-free  processes.  There  is  a  very  good  correlation  between  the  theoretical  specific 
energy  values,  the  measured  energy  values  and  the  maximum  pressure  values  recorded 
during  closed  vessel  firings  for  all  the  formulations  which  indicated  that  no  change 
occurred  in  the  propellant  compositions  during  the  processing  phase. 
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♦  All  10  samples  (SOL  and  SF)  of  the  5  propellant  formulations  passed  the  Methyl  Violet 
stability  test. 

♦  The  densities  of  the  formulations  processed  with  the  solvent  process  are  the  same  or 
higher  than  that  of  the  same  formulations  processed  with  the  solvent-free  process. 
Irrespective  of  the  process  used  the  formulations  with  the  highest  crystalline  content  have 
the  highest  densities. 

♦  In  general  the  stress  values  and  impact  strengths  of  the  SOL  formulations  are 
approximately  double  that  of  the  SF  formulations.  There  is  more  variance  between  the 
same  formulation  processed  according  to  the  two  different  processes  than  between 
different  formulations  processed  with  the  same  process.  The  type  of  process  generates 
more  variation  in  the  stress  and  impact  strength  values  than  the  type  of  formulation. 

The  strain  values  and  Young’s  Modulus  show  great  variance  but  here  the  SOL 
formulations  show  the  lower  values  for  all  the  formulations. 

♦  All  the  solvent  processed  samples  experienced  web,  diameter  and  perforation  shrinkage 
whereas  alt  the  solvent-free  processed  samples  experienced  die  swell.  These  tendencies 
of  shrinkage  and  die  swell  are  typical  of  the  solvent  and  solvent-free  processes 
respectively  and  must  be  allowed  for  in  the  die  design.  The  reproducibility  of  the 
propellant  dimensions  of  the  solvent-free  processed  formulations  should  be  better  than  is 
the  case  with  the  solvent  processed  formulations. 

♦  The  relative  quickness  of  the  SOL  samples  are  approximately  18%  higher  than  the  SF 
samples  for  all  5  formulations.  The  reason  is  that  the  average  web  of  the  SOL  samples  is 
approximately  25%  smaller  than  the  average  web  of  the  SF  processed  samples  because  of 
die  swell  and  shrinkage  respectively.  The  type  of  process  might  also  influences  the 
relative  quickness  of  a  specific  propellant  formulation. 

♦  The  burning  rates  of  the  SF  propellants  are  constantly  higher  than  that  of  the  SOL 
propellants.  The  burning  rate  curves  of  the  formulations  containing  RDX  show  a  definite 
break-in-the-curve  at  approximately  40  Mpa. 
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ABSTRACT 

Recently,  a  new  generation  of  propellants  was  successfully  introduced.  The  so  called 
"extruded  impregnated”  El-propellants  overcome  several  drawbacks  connected  with 
conventional  propulsion  systems  and  show  a  significant  performance  gain  under 
system-compatible  conditions  in  small  and  medium  calibre  applications  as  well  as  in 
mortars.  El-propellants  are  produced  from  extruded  single  base  propellant  grains  by 
impregnation  with  a  blasting  oil,  followed  by  deterring  with  a  polymer. 

In  the  medium  calibre  application  range,  performance  gains  of  7  -  12%  were  attained 
with  the  El-propellant  if  compared  to  conventional  alternatives.  This  improvement  in 
interior  ballistic  performance  is  achieved  by  a  combination  of  enhanced  bulk  density, 
slightly  increased  energy  content,  very  progressive  burning  behaviour  and  a  strongly 
reduced  temperature  sensitivity. 

A  well  balanced  combination  of  two  different  wear  reducing  agents  was  found  to  suc¬ 
cessfully  counteract  the  adverse  effect  of  the  slight  increase  in  flame  temperature.  The 
relatively  low  erosivity  of  the  El-propellant  was  confirmed  in  both  erosion  bomb  tests 
and  in  trials  with  the  weapon. 

The  employment  of  a  well  stabilised  base  grain,  proven  additives,  and  a  diffusion-stable 
surface  coating  kept  both  chemical  and  physico-mechanical  ageing  to  a  very  low  level  - 
excellent  safe  life  and  ballistic  shelf  life  values  are  therefore  attainable  with  El-propel- 
lants. 
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Zusammenfassung 

Kurziich  wurde  eine  neue  Generation  von  Treibladungspulvern  eingefuhrt,  welche 
diverse  der  bei  konventionellen  Produkten  auftretenden  Probleme  uberwindet  und  sich, 
bei  systemvertraglichen  Bedingungen,  durch  eine  signifikante  Leistungssteigerung  in 
Klein-  und  Mittelkaliberwaffen  sowie  in  Morsern  auszeichnet.  Die  sogenannten  "extru- 
diert-impragnierten"  El-Pulver  werden  durch  Impragnierung  von  extrudierten  Ein-  und 
Mehrlochpulvern  mit  geeigneten  Sprengolen,  gefoigt  von  einer  Phlegmatisierung  mit 
polymeren  Weichmachern,  hergestellt. 

Insbesondere  im  Mittelkaliberbereich  ist  mit  der  El-Technologie  eine  markante  Lei¬ 
stungssteigerung  moglich  (Erhdhung  der  kinetischen  Energie  des  Geschosses  gegen- 
uber  herkommlichen  Treibladungen  um  7  -  12%).  Diese  Leistungsverbesserung  wird 
erzielt  durch  eine  Kombination  von  erhohter  Schiittdichte  (hohere  Treibladungsmasse 
bei  gegebenem  Hulsenvolumen),  geringfugig  gesteigertem  Energieinhalt,  stark  pro- 
gressivem  Abbrandverhalten  und  einer  reduzierten  Temperaturabhangigkeit  von  Vo  und 
Pttiax  (“TU-Pulver"). 

Trotz  geringfugig  hoherer  Flammtemperatur  zeigen  El-Pulver,  verglichen  mit  einbasigen 
Treibladungen,  kaum  eine  Verstarkung  der  Rohrerosion.  Die  effizienten  Rohrscho- 
nungsmassnahmen  (Kombination  von  zwei  gut  ausbalancierten  Additiven  im  Innern  und 
auf  der  Oberflache  der  Pulverkorner)  vermogen  offensichtlich  den  unerwunschten  Ein- 
fluss  des  erhohten  Energieinhaltes  zu  kompensieren.  Dies  wird  mittels  Resultaten  aus 
Erosionsbombe  und  Waffenbeschuss  aufgezeigt. 

Dank  der  Verwendung  eines  sorgfaltig  stabilisierten  Grundkornes,  des  Verzichtes  auf 
stabiiitatsreduzierende  Additive  und  der  Applikation  einer  diffusionsstabilen  Oberfla- 
chenbehandlung  konnen  sowohl  chemische  als  auch  physiko-mechanische  Alterungs- 
phanomene  stark  reduziert  werden.  Aus  diesem  Grund  zeigen  El-Pulver  eine  hervor- 
ragende  Sicherheits-  und  Gebrauchslebensdauer  (oder  “chemische"  und  "ballistische” 
Lebensdauer). 
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1.  Introduction 

During  the  last  few  decades,  different  approaches  have  been  made  in  order  to  improve 
the  interior  ballistic  performance  of  propellants  for  medium  calibre  ammunition.  All  these 
"new"  developments,  such  as  deterred  single  and  double  base  propellants,  ball  pow¬ 
ders,  consolidated  charges  and  nitramine  propellants  had  serious  drawbacks.  In  the 
case  of  single  base  propellants  and  ball  powders,  the  gain  in  performance  was  limited 
by  the  restricted  energy  content  or  by  the  grain  geometry.  In  other  propellant  types, 
shelf  life  was  reduced  by  diffusion  of  deterrents  and  blasting  oils,  or  excessive  gun 
barrel  wear  appeared. 

Nitrochemie  Wimmis  AG  has  recently  successfully  introduced  a  new  generation  of 
propellants  overcoming  the  drawbacks  mentioned  above  and  showing  a  significant 
performance  gain  under  system-compatible  conditions  in: 

•  small  calibres  {5.56- 15  mm), 

•  medium  calibres  (20  -  50  mm;  sub-calibre  /  finstabilised  ammunition),  and 

•  mortars.  , 

The  so  called  "extruded  impregnated"  El-propellant  is  produced  from  extruded  one-, 
seven-  or  nineteen-perforated  single  base  propellant  grains  by  impregnation  with  a 
blasting  oil,  followed  by  deterring  with  a  polymer.  In  such  El-propellants,  the  blasting  oil 
forms  an  outer  layer  several  hundred  micrometers  thick.  A  diagram  showing  the  con¬ 
centration  profiles  of  blasting  oil  and  deterrent  as  well  as  the  distribution  of  energy 
content  within  a  typical  El-propellant  grain  is  given  in  Figure  1 . 

The  most  important  features  of  El-propellants  for  medium  calibre  application,  namely 

•  improved  Interior  ballistic  performance, 

•  increased  barrel  life, 

•  excellent  safe  life  and  good  compatibility  to  system  environment,  and 

•  excellent  ballistic  shelf  life 

are  discussed  in  some  detail  in  the  following  chapters.  Other  advantages  include  the 
competitive  pricing  as  well  as  the  high  parameter  flexibility  of  the  El-process  which 
allows  efficient  and  quick  developments  to  satisfy  the  specific  demands  of  our  cus¬ 
tomers. 


38 


Figure  1 :  Blasting  oii  and  deterrent  concentration  profiies  as  weil  as  corresponding 
distribution  of  energy  content  in  El-propellant.  The  concentration  profiles 
were  determined  by  Fourier  transform  infrared  (FTIR)  microspectroscopy; 
the  energy  content  was  calculated  using  the  ICT  code. 


2.  Interior  Ballistic  Performance 

During  the  last  years,  El-propellants  have  proven  their  superiority  over  competitors' 
products  in  different  medium  calibre  ammunition  systems  (in  already  qualified  applica- 
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tions  as  well  as  in  new  developments;  calibres  25,  27,  30,  and  35  mm).  In  general, 
performance  gains  of  7  -  12%  were  attained  compared  to  conventional  alternatives. 
This  improvement  in  interior  ballistic  performance  is  achieved  by: 

•  Enhanced  bulk  density:  The  high  bulk  density  (up  to  1100  g/dm®)  allows  an  in¬ 
crease  in  the  charge  weight  in  the  cartridge  without  consolidation.  Enhancement  of 
charge  potential  directly  equals  performance  gain. 

•  Slightly  increased  energy  content:  Due  to  the  added  blasting  oils,  the  energy  con¬ 
tent  is  increased  by  200  -  300  J/g  compared  to  single  base  propellants.  This  additio¬ 
nal  chemical  energy  contributes  to  the  performance  gain. 

•  l^ery  progressive  burning  behaviour:  The  burning  characteristic  of  surface  coated 
propellants  is  dominated  by  the  distributions  of  coating  agents  and  energy  content 
(see  Figure  1).  In  case  of  El-propellant,  the  deterred  outer  surface  can  be  expected 
to  burn  much  more  slowly  than  the  undeterred  regions  of  the  grain.  This  is  confirmed 
by  the  results  of  intercepted  bomb  tests  showing  that  combustion  will  start  mainly 
from  the  perforations,  whereas  the  energy-rich,  blasting  oil  containing  outer  layer 
burns  later  in  the  interior  ballistic  cycle  -  exactly  at  the  stage  where  its  energy  is 
needed  most.  This  very  progressive  burning  behaviour  further  adds  to  the  perform¬ 
ance  gain. 

•  Reduced  temperature  sensitivity:  Thanks  to  the  high  parameter  flexibility  of  the  El- 
process,  it  is  possible  to  alter  the  product's  properties  regarding  temperature  coeffi¬ 
cients  of  muzzle  velocity  (vo)  and  peak  pressure  (pmax)  within  certain  limits.  There¬ 
fore,  the  strong  temperature  sensitivity  known  from  conventional  products  can  be 
reduced  considerably  In  El-propellants.  This  allows  the  performance  potential  given 
by  the  system  limits  of  the  weapon  system  to  be  fully  exploited  -  the  maximum  per¬ 
formance  is  obtainable  at  service  temperature. 

The  excellent  interior  ballistic  behaviour  of  El-propellants  is  demonstrated  in  Figure  2. 
An  El-  and  a  single  base  propellant,  both  optimised  for  the  specific  application,  were 
tested  in  the  APFSDS-T  round  for  the  30  x  173  mm  Bushmaster  II  gun.  Thanks  to  its 
higher  performance  level  and  reduced  temperature  sensitivity,  the  Ei-propellant  enables 
a  gain  in  kinetic  Energy  Eo  of  18%  at  -50°C,  and  of  12%  at  +21  °C,  to  be  made. 
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Firing  Temperature  [°C] 

♦ .  Single  Base  a—  El-Propellant  -  -  -  System  Limit 


Figure  2:  Interior  ballistic  results  obtained  with  the  APFSDS-T  round  for  the  30x1 73mm 
Bushmaster  II  gun.  The  low  temperature  sensitivity  as  well  as  the  significant 
increase  in  performance  obtainable  with  the  El-propellant  are  clearly  visible. 


3.  Barrel  Erosion 

From  practical  experience  it  is  known  that  each  increase  in  the  propellant's  energy  (or 
flame  temperature)  will  reduce  the  barrel  life  considerably.  However,  with  high  perform¬ 
ance  ammunition  (especially  kinetic  energy  munitions)  one  cannot  avoid  using  a  charge 
with  a  sufficiently  high  energy  content. 
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In  the  case  of  El-propellant  for  medium  calibre  application,  the  extent  of  barrel  wear  is 
kept  to  an  acceptable  level  by: 

•  Relatively  low  flame  temperature:  For  an  El-propellant  designed  for  25  mm  ammu¬ 
nition,  flame  temperatures  of  around  3000  K  are  calculated  (using  the  ICT  code). 
This  value  lies  somewhat  higher  than  the  2800  K  of  a  single  base  propellant  for  the 
same  application,  but  is  far  below  the  3500  K  calculated  for  a  nitramine  propellant 
already  in  service. 

•  Optimised  barrel  protection  measures  (additives):  In  order  to  achieve  the  maxi¬ 
mum  possible  barrel  protection  over  the  entire  interior  ballistic  cycle,  two  different 
additives  are  employed  ("two-phase  design").  One  of  the  additives  is  located  at  the 
surface  of  the  propellant  grains  to  ensure  sufficient  protection  from  the  beginning  of 
the  cycle  (effect  in  transition  zone  -  free  flight  zone).  The  second  additive,  being 
incorporated  in  the  base  grain  matrix,  is  released  continuously  up  to  the  end  of  com¬ 
bustion  (effect  on  barrel  up  to  muzzle  proximity).  The  introduction  of  these  additives 
must  be  balanced  in  such  a  way  that  no  contamination  or  fouling  occurs.  It  must  be 
noted  that  the  two  additives  used  in  small  quantities  are  not  exotic  ones  but  known 
and  proven  "agents". 

The  barrel  protection  concept  described  above  has  demonstrated  its  effectiveness  in 
both  erosion  bomb  and  weapon  firing  tests. 

The  results  of  the  erosion  bomb  tests  are  given  in  Figure  3  (diagram  of  the  weight 
losses  of  the  nozzle  as  a  function  of  the  heat  of  explosion).  From  this  diagram  it  is 
evident  that  the  erosivity  of  the  El-propellant  lies  in  the  same  range  as  for  different 
highly  surface-treated  and  thus  so-called  "cool”  burning  single-base  charge  variants, 
whereas  the  "hot"  burning  nitramine  propellant  is  in  the  upper  investigation  range. 

During  NATO-Homologation  at  the  NATO  test  centre  in  the  Netherlands,  El-Propellant 
in  a  25  mm  APFSDS  application  met  the  barrel  life  requirements  of  STANAG  4173 
in  both  Bushmaster  and  KB  A  gun. 

Extensive  trials  in  the  27  mm  Mauser  gun  revealed  a  barrel  life  of  substantially  more 
than  3000  rounds  for  APFSDS  ammunition  in  conjunction  with  El-propellant. 
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Figure  3:  Results  of  erosion  bomb  test  for  different  25  mm  calibre  propellants  (single 
base,  EI-,  and  triple  base  /  nitramine).  As  can  be  seen  from  the  diagram  of 
the  weight  losses  of  the  nozzle  as  a  function  of  the  heat  of  explosion,  erosi- 
vity  increases  superproportionally  to  increasing  thermal  value.  The  erosivity 
found  for  the  El-propellant  did  not  significantly  differ  from  the  values  obtained 
for  different  deterred  single-base  propellants  such  as  RGB  150.  The  two 
propellants  RGB  1 80  and  RGB  1 50  both  meet  the  barrel  life  values  required 
in  STANAG  4173  when  the  relevant  load  rates  are  applied. 


4.  Chemical  Stability  /  Safe  Life 

For  the  production  of  El-propellants,  a  carefully  manufactured  and  well  stabilised  base 
grain  is  used,  and  only  known  compatible  and  proven  ingredients  or  additives  are 
applied.  Thus,  chemical  ageing  under  normal  storage  conditions  is  kept  to  an  almost 
negligible  level,  and  an  excellent  chemical  shelf  life  (safe  life)  will  result.  This  was 
proven  in  different  experiments: 

Conventional  stability  tests:  El-propellants  have  been  subjected  to  numerous  con¬ 
ventional  stability  tests  during  development,  qualification  and  production,  e.g.  to  the 
90°C  weight  loss  test,  105°C  Dutch  test,  and  115°C  Bergmann-Junk  test.  All  test 
requirements  have  been  fulfilled. 
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Microcalorimetry  /  chemiluminescence:  The  extremely  sensitive  microcaiorimetry 
and  chemiluminescence  detectors,  monitoring  the  actual  evolution  of  heat  and  nitrogen 
oxides  even  at  moderate  storage  conditions  (40  -  80°C),  confirmed  the  very  iow  ageing 
rate  of  Ei-propeiiants. 

Chemical  shelf  life  determination:  The  chemical  shelf  life  (safe  iife)  of  different 
propeiiants  was  determined,  whereby  the  propeilant  samples  were  subjected  to 
accelerated  ageing  for  up  to  108  weeks  at  temperatures  of  40°C,  50°C,  60°C  and  70°C. 
The  remaining  stabiliser  contents  were  assayed  quantitativeiy  for  the  unaged  propeliant 
as  weli  as  for  aii  artificiaily  aged  sampies  by  high  performance  liquid  chromatography 
(HPLC).  From  the  results,  the  time  period  for  50%  stabiliser  consumption  was  calcu¬ 
lated  and  interpolated  to  designated  storage  conditions  using  the  Berthelot  equation. 
This  approach  is  known  to  be  very  conservative.  The  results  of  these  investigations  are 
shown  in  Figure  4. 


Chemical  Ageing  of  Different  Propellants 


Duration  of  Storage  at  20°C  [years] 
(extrapolated  from  measurements  at  60°C) 


'Single  base  1 
'  El-propellant  1 
'Double  base  1 
'single  base  2 
'  El-propellant  2 


Figure  4:  Assessment  of  chemical  shelf  life  (safe  life)  for  different  propellant  types.  All 
propellants  except  "double  base  2"  have  been  produced  by  Nitrochemie 
Wimmis  AG.  The  safe  life  values  extrapolated  from  60°C  to  20°C  exceed  40 
years  for  all  propellants,  except  for  “double  base  2"  which  only  manages  to 
reach  15  years  (very  conservative  estimations).  The  extrapolation  was  made 
using  the  Berthelot  approach  with  an  ageing  factor  of  3.0.  The  Berthelot  law 
implies  that  each  temperature  change  of  10°C  will  increase  the  rate  of 
propellant  ageing  by  this  factor.  From  numerous  investigations  it  was  found 
that  the  ageing  factor  generally  extends  between  3  and  4. 
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For  El-propellants,  the  safe  storage  life  was  determined  to  be  in  the  range  of  20  -  40 
years  at  OO^C,  and  of  50-100  years  at  20°C,  respectively. 

This  excellent  behaviour  has  been  confirmed  by  the  recent  analysis  of  two  El-propel¬ 
lants  of  the  same  recipe,  produced  in  1985  and  1995.  Despite  the  older  sample  having 
been  stored  for  1 0  years  under  ambient  conditions,  it  was  still  found  to  be  chemically 
identical  to  the  new  propellant,  as  can  be  seen  from  Table  1.  In  particular,  the  concen¬ 
trations  of  primary  stabiliser  as  well  as  the  contents  of  stabiliser  derivatives  were  found 
to  be  equal  within  the  accuracy  of  the  method. 


Type 

Substance 

Sample  "1985” 

Sample  "1995" 

Primary  stabiliser 

Acardite  II 

1 .01  % 

0.99  % 

2-Nitro-diphenylamine 

0.09  % 

0.12% 

Stabiliser  derivatives 

N-Nitroso-diphenylamine 

0.01  % 

0.02  % 

4-Nitro-diphenylamine 

<  0.01  % 

<0.01% 

90°C  Weight  loss  test 

1.36% 

1.26% 

Table  1 :  Results  of  HPLC-analysIs  of  two  El-propellants  of  the  same  recipe,  produced 
in  1985  and  1995.  Both  samples  were  analysed  simultaneously  in  spring 
1996.  The  results  of  the  90‘’C  weight  loss  tests  are  given  as  well. 


5.  Ballistic  Shelf  Life 

In  order  to  guarantee  sufficient  ballistic  shelf  life,  the  phenomena  that  might  contribute 
to  the  changes  in  the  interior  ballistic  behaviour  have  to  be  kept  to  an  acceptable  level. 
For  surface-coated  propellants,  the  main  factors  are  molecular  weight  reduction  of  the 
nitrocellulose  and  the  diffusion  of  surface  coating  agents  into  the  propellant  grain.  Both 
processes  have  been  Investigated  in  some  detail: 

•  Nitrocellulose  degradation:  From  experience  we  know  that  changes  in  the  ballistic 
characteristics  may  occur  once  the  molecular  weight  of  the  nitrocellulose  has  been 
reduced  by  more  than  45%.  Shelf  life  investigations  of  El-propellants,  performed  by 
ageing  the  samples  as  described  in  section  4  and  monitoring  the  nitrocellulose 
degradation  using  size  exclusion  chromatography  (SEC),  predicted  a  molecular 
weight  reduction  of  only  40%  after  approximately  60  years  at  20°C.  Thus,  nitro¬ 
cellulose  degradation  does  not  adversely  affect  the  ballistic  properties  during  the 
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designated  shelf  life  of  the  round.  The  low  extent  of  nitrocellulose  depletion  corre¬ 
sponds  to  the  other  chemical  ageing  processes  (the  "chemical"  ageing  processes, 
such  as  stabiliser  consumption,  nitrocellulose  degradation,  heat  and  nitrogen  oxide 
evolution  are  strongly  connected  with  each  other  -  in  a  weli  stabilised  propeilant,  ali 
those  processes  are  of  low  magnitude). 

•  Diffusion  of  deterrents  and  blasting  oils:  The  diffusion  of  numerous  deterrents 
and  biasting  oils  into  different  propellant  matrices  during  accelerated  ageing  was 
investigated  using  Fourier  transform  infrared  (FTIR)  microspectroscopy.  The  diffusion 
coefficient  values  determined  by  fitting  a  Fickian  diffusion  model  to  the  observed  con¬ 
centration  profiles  correlated  to  the  changes  in  the  interior  ballistic  behaviour.  It  was 
found  that  the  diffusion  effects  in  single  base  propellants  are  too  small  to  significantly 
alter  the  ballistic  performance.  In  double  base  propellants,  however,  the  diffusion  of 
deterrents  is  much  faster  and  will  most  likely  limit  the  ballistic  sheif  life.  In  El-propel- 
lants,  the  diffusion  of  surface  coating  agents  can  be  minimised  by  carefully  balancing 
type  and  concentration  of  both  polymeric  deterrent  and  blasting  oil.  In  such  El- 
propellants,  diffusion  effects  are  only  marginally  higher  than  in  single  base  propel¬ 
lants,  and  excellent  ballistic  shelf  life  values  are  achieved.  Figure  5  compares  the 
diffusion  of  the  polymeric  deterrent  in  El-propellant  to  the  diffusion  of  dibutylphthalate 
(DBF)  in  a  double  base  propellant. 


Assessment  of  ballistic  stability:  Ballistic  shelf  life  is  determined  using  a  test  pian 
similar  to  the  one  described  in  section  4.  The  propellant  is  aged  artificialiy  for  up  to  36 
weeks  at  temperatures  of  40°C,  50°C,  and  60°C  before  being  tested  in  the  weapon  at 
different  firing  temperatures.  The  results  are  extrapolated  to  standard  storage  condi¬ 
tions  using  an  ageing  factor  of  3.0  which  is  known  to  be  a  conservative  estimation.  This 
test  has  been  performed  for  different  weapon  /  ammunition  systems  in  conjunction 
with  El-propellant,  revealing  excellent  ballistic  shelf  life  values  in  all  cases.  Over  the 
entire  range  of  firing  temperatures  (usually  -54°C  to  -i-71°C),  only  marginal  changes  in 
peak  pressure  and  muzzle  velocity  were  introduced  by  artificial  ageing  periods  equiva¬ 
lent  to  20  years  storage  at  20°C.  In  particular,  no  dangerous  rises  in  peak  pressure 
(>150  bar)  appeared,  and  the  iow  temperature  sensitivity  of  the  El-propeiiant  was 
maintained,  thereby  proving  the  effectiveness  of  the  measures  to  reduce  nitrocelluiose 
degradation  as  well  as  blasting  oil  and  deterrent  diffusion. 
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Polymer  Diffusion  in  El-Propeltant 


Diffusion  of  DBP  in  Double  Base  Propellant 


Figure  5:  Investigation  of  the  diffusion  of  deterrents;  concentration  profiies  of  polymer 
in  El-propeiiant  and  dibutylphthalate  (DBP)  in  doubie  base  propeilant,  deter¬ 
mined  by  FTIR-microspectroscopy.  Measured  concentration  values  (dots) 
and  recalculated  concentration  profiles  (lines)  for  fo  (unaged  propellant),  fi 
(propellant  stored  at  71  °C  for  1  week),  k  (2  weeks  at  71  °C)  and  U  (4  weeks 
at  71  °C).  The  deterrent  diffusion  is  very  small  in  the  El-  propellant  and  there¬ 
fore  will  not  influence  the  ballistic  shelf  life  (diffusion  coefficient  determined  to 
be  D  =  0.13-10'’®  m^/s).  In  the  double  base  propellant,  however,  the  diffusion 
is  increased  by  more  than  two  orders  of  magnitude  (D  =  26-10'’®  m%)  -  such 
strong  diffusion  effects  will  reduce  the  ballistic  shelf  life  considerably. 


The  results  of  ballistic  shelf  life  assessments  for  five  different  propellants  are  depicted  in 
Figure  6.  It  is  evident  from  this  diagram  that  the  single  base  and  all  three  El-propellants 
exhibit  shelf  life  values  of  more  than  20  years,  whereas  for  the  propellant  with  a  strongly 
diffusing  surface  coating,  the  ballistic  shelf  life  is  reduced  to  about  1 0  years  at  20°C. 


The  excellent  ballistic  stability  of  El-propellant  was  confirmed  during  different 
qualification  and  homologation  procedures.  In  particular,  environmental  and  climatic 
condition  tests  such  as  MIL  STD  810  D  have  been  fulfilled  without  problems.  The  most 
severe  environmental  test  program,  however,  was  performed  at  DGA  in  Bourges  (F). 
The  30  mm  rounds  filled  with  El-propeilant  were  subjected  cumulatively  to  a  "simulation 
of  climatic  conditions"  (80  days  at  +71°C  /  20%  rel.  humidity  to  +60°C  /  80%  rel.  humid¬ 
ity),  30  cycles  "simulation  of  aircraft  conditions"  (totally  780  hours  from  -40°C  to 
+100°C),  3  cycles  of  "complete  firing  action"  (+21°C  to  +121°C),  and  a  "vibration  test". 
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before  being  fired  in  the  temperature  range  -40  to  +100°C.  Considering  the  extreme 
thermai  and  mechanicai  stresses  invoived  in  this  test  procedure,  the  increase  in  peak 
pressure  found  to  be  within  0  and  200  bar  over  the  entire  range  of  firing  temperatures 
has  to  be  regarded  as  smaii.  The  maximum  pressure  ievei  obtained  with  the  aged 
ammunition  was  stili  far  beiow  the  system  limits. 


Changes  in  Peak  Pressure 


*  single  base  -O-'  El-propellant  1 

*  El-propellant  2  El-propellant  3 

*  other  composition 


Figure  6:  Assessment  of  baiiistic  sheif  life  for  different  medium  caiibre  propeiiants.  The 
propeiiant  sampies  stored  for  0, 4,  8  and  12  weeks  at  60°C  have  been  tested 
in  the  respective  weapon  systems  (temperature  during  firing  test  21  °C).  The 
extrapolation  from  60  to  20°C  was  carried  out  according  to  the  Berthelot 
equation  with  an  ageing  factor  of  3.0.  The  single  base  as  well  as  the  three 
El-propellants  exhibit  only  marginal  changes  in  muzzle  velocity  v„  and  peak 
pressure  p^„;  a  ballistic  sheif  life  of  at  least  20  years  can  therefore  be  guar¬ 
anteed  for  all  these  propellants.  In  the  sample  ''other  composition",  however, 
the  diffusion  of  improperly  balanced  surface  coating  agents  leads  to  an 
excessive  rise  in  peak  pressure  which  significantly  reduces  the  ballistic  shelf 
life  of  this  propellant.  The  weapon  /  ammunition  systems  are:  25mm  KBA 
APFSDS  (single  base),  25mm  KBA  APDS  (El-propeliant  1),  27mmx155 
APFSDS  (El-propellant  2),  30mmx190  APFSDS-T  (El-propellant  3),  and 
25mm  KBB  APDS  (other  composition). 
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6.  Conclusions 

El  technology  has  opened  new  perspectives  in  the  field  of  high  performance  medium 
calibre  ammunition.  Thanks  to  the  system-compatible  behaviour  of  this  product,  a 
combat  rate  enhancement  can  be  achieved  without  drawbacks  or  undesirable  side 
effects.  El-propellants  are  equally  suited  for  application  in  already  introduced  ammu¬ 
nition  systems  as  well  as  in  new  developments. 

As  a  result,  El  technology  has  established  itself  with  much  success  especially  in  the 
following  applications: 


25  mm  x  1 37 

APFSDS,  APDS,  FAPDS  (frangible) 

qualified  according  to  STANAG  4173  (NATO  homologation) 

for  use  in  Bushmaster  (M242)  and  KBA-gun 

27  mm  x  155 

APFSDS 

qualified  according  to  STANAG  4170 

type  classified  in  Germany  for  use  in  TORNADO-gun 

30  mm  X  173 

APDS,  APFSDS 

for  use  in  Bushmaster  II  and  Mauser  F-gun 

35  mm  x  228 

APFSDS,  FAPDS  (frangible) 

qualified  according  to  STANAG  4170 

type  classified  in  Germany  for  use  in  RH  503  gun 

50  mm  CTA 

APFSD 

Development  for  the  RH  503  gun 

In  recent  years,  close  cooperation  has  been  built  up  in  these  field  with  competent 
system  partners,  such  as  (in  alphabetic  order)  Giat,  Mauser,  Mecar,  Oerlicon  Contra- 
ves,  Primex,  Raufoss,  Royal  Ordnance,  Rheinmetall,  among  others.  Such  cooperations 
permitted  investigation  of  system-compatible  behaviour  of  the  El-propellant  under  a 
great  variety  of  configurations  and  performance  requirements.  As  a  result,  the  reliability 
of  this  system  component  can  be  regarded  as  being  fully  established. 
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ABSTRACT 


ROWANEX  3000  is  a  new  polymer-bonded  explosive  (PBX),  developed  by  Royal  Ordnance 
in  conjunction  with  the  Defence  Evaluation  and  Research  Agency,  which  arose  from  an 
international  WEAG(IEPG)  Technical  Area  25  collaborative  programme  on  pressable 
explosives  and  their  associated  processing  technology  ROWANEX  3000,  is  a  high 
performance  composition  capable  of  being  pressed  to  give  the  high  levels  of  homogeneity 
and  density  required  for  precision  directed  energy  warheads.  In  addition  it  was  formulated  to 
have  an  environmentally  friendly  manufacturing  method  and  to  have  reduced  vulnerability 
compared  with  Octol.  The  present  paper  discusses  the  explosive's  formulation,  processing 
method,  physical  characteristics  and  stability.  Comparison  is  made  between  the  performance 
and  hazard  properties  of  ROWANEX  3000  and  those  of  conventional  melt  cast  counterparts 
such  as  Octol,  Composition  B  and  TNT. 

1.  INTRODUCTION 

Pressable  polymer-bonded  explosive  (PBX)  compositions  with  high  nitramine  solids  loadings 
have  been  widely  developed  by  explosives  formulators  in  response  to  demands  from  directed 
energy  weapon  system  designers  for  increased  performance.  PBXs  can  possess  a  number  of 
advantages  over  traditional  explosives  based  on  TNT,  such  as  reduced  vulnerability, 
improved  mechanical  properties  and  enhanced  survivability  in  the  operational  environment. 

Reduced  vulnerability  energetic  materials,  such  as  polymer-bonded  explosives  (PBXs),  are 
seen  by  Royal  Ordnance  as  central  elements  in  a  systems  approach  to  meeting  IM 
requirements  and  research  and  development  in  this  area  forms  an  important  part  of  the 
Division's  business  strategy Over  recent  years  Royal  Ordnance,  initially  under  contract 
from  the  UK  MOD,  has  developed  a  series  of  PBXs  for  a  broad  range  of  potential  main 
charge  applications 

ROWANEX  3000  is  a  new  polymer-bonded  explosive  (PBX),  developed  by  Royal  Ordnance 
in  conjunction  with  the  Defence  Evaluation  and  Research  Agency,  which  arose  from  an 
international  WEAG(IEPG)  Technical  Area  25  collaborative  programme  on  pressable 
explosives  and  their  associated  processing  technology.  ROWANEX  3000  was  formulated  to 
have  enhanced  performance  and  reduced  vulnerability  in  comparison  with  traditional 
TNT-based  Octol  compositions,  as  well  as  world  wide  environmental  survivability, 
prolonged  service  life  and  ease  of  processing. 
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2.  ROWANEX  NOMENCLATURE 

The  designation  ROWANEX  stands  for  Royal  Ordnance  Waltham  Abbey  New  EXplosive. 
Waltham  Abbey  was  the  location  of  the  R&D  centre  where  formulation  work  on  new  Royal 
Ordnance  explosives  commenced  and  which  had  historic  links  with  previous  Govermnent 
establishments  on  the  site  such  as  the  Royal  Gunpowder  Factory.  Since  1989  research  in  the 
explosives  area  has  continued  at  RO's  Glascoed  site  in  South  Wales. 

The  designation  code  consists  of  the  prefix  ROWANEX  followed  by  four  digits.  The  first  two 
digits  form  a  serial  number  assigned  to  a  general  class  of  formulation  which  relates  both  to  its 
processing  method  and  to  the  predominant  explosive  ingredient.  The  remaining  two  digits  of 
the  code  are  assigned  arbitrarily  in  sequence  and  relate  to  specific  formulations  within  the 
general  class.  Serial  numbers  assigned  to  general  classes  and  sub-classes  of  formulation  are 
given  in  Table  1  below. 

TABLE  1 

ROWANEX  NOMENCLATURE 

1 . 1  Serial  Numbers  for  General  Classes  1 .2  Serial  Numbers  For  Sub-Classes 


Code  No 

General  Class  of 
Formulation 

01-09 

Melt-Cast  TNT-based 

10-19 

Castable  PBXs 

20-29 

Extrudable  PBXs 

30-39 

Pressable  PBXs 

40-49 

Plastic  Explosives 

50-59 

Sheet  Explosives 

60-69 

) 

) 

)To  be  assigned 
) 

) 

70-79 

80-89 

90-99 

Sub-class  Codes 

Formulation 

Type 

Castable 

PBXs 

Extrudable 

PBXs 

Pressable 

PBXs 

iBl 

20 

30 

HMX-Based 

■ni 

21 

31 

RDX-Based 

12 

22 

32 

PETN-Based 

13 

23 

33 

AP/Al-Based 

14 

24 

34 

RDX/AI-Based 

25-29 

35-39 

To  be  assigned 

When  an  RO  explosive  is  first  formulated  as  part  of  a  research  programme  and  before  it  has 
been  allocated  a  ROWANEX  designation  it  is  assigned  a  Research  Formulation  (RF)  Code. 
No  correlation  exists  between  RF  and  ROWANEX  designation  sequences. 

3.  FORMULATION 

ROWANEX  3000  is  a  pressable,  HMX-based  composition  designed  for  metal  accelerating 
applications,  particularly  those  requiring  high  levels  of  homogeneity  and  density.  It  has  a  total 
solids  loading  of  95%  (91.1%7,)  and  possesses  a  theoretical  maximum  density  of  1.83 

Mg.m■^  The  nominal  formulation  of  ROWANEX  3000  and  those  of  selected  melt-cast 
explosives  based  on  TNT  are  given  in  Table  2.  The  composition  employs  a  plasticised 
thermoplastic  elastomer  (TPE)  binder  system  derived  from  a  styrene-ethylene/ 
butylene-styrene  (SEES)  block  copolymer.  TPE  binder  systems  do  not  involve  the  use  of 
chemical  curing  agents  such  as  isocyanates  and  have  the  advantage  that  they  can  be 
transformed  by  a  reversible  softening  process  at  elevated  temperatures.  In  this  way 
demilitarisation,  recovery  of  expensive  hardware  and  recycling  of  redundant  explosive  is 
facilitated.  An  antioxidant  is  included  in  the  copolymer  in  order  to  minimise  the  effects  of 
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ageing  due  to  aerial  oxidation  and  unwanted  internal  chemical  reactions  and  graphite  is  added 
as  a  processing  aid  to  improve  charge  quality  and  reduce  the  effect  of  static  electricity. 


TABLE  2.  NOMINAL  FORMULATIONS 


Ingredient 

Nominal  Formulations  (%w/w) 

ROWANEX  3000 

Octol  75/25 

Composition  B 

RDX 

- 

- 

60 

HMX 

95 

75 

- 

Binder 

5 

- 

- 

TNT 

- 

25 

40 

4.  PROCESSING 

The  ROWANEX  3000  moulding  powder  is  prepared  in  an  incorporator  in  aqueous  medium 
without  the  use  of  organic  solvents.  This  method  of  manufacture  has  considerable  advantages 
over  commonly  used  lacquering  techniques  because  organic  solvents,  which  are  potentially 
harmful  to  operators  and  the  environment,  are  avoided.  The  TPE  binder  is  smeared  onto  the 
nitramine  crystals  to  give  an  even  coating  in  the  course  of  this  operation  as  evidenced  by 
optical  microscopy  and  scanning  electron  microscopy  (SEM).  The  moulding  powder  is  dried 
in  heated  forced  air  ovens  then  coated  with  graphite  in  a  separate  processing  stage.  Pressing 
operations  are  conducted  under  vacuum  and  at  elevated  temperature  to  ensure  void-free, 
homogeneous  fillings.  The  pressing  of  explosive  charges  can  be  highly  automated  giving  the 
potential  for  reduced  production  costs  and  higher  consistency  with  respect  to  traditional  melt 
cast  processing  methods.  However,  due  consideration  must  be  given  to  optimisation  of 
pressing  and  assembly  techniques  for  application  in  specific  weapon  systems. 

5.  PERFORMANCE  CHARACTERISTICS 

ROWANEX  3000  has  been  formulated  to  deliver  levels  of  performance  in  directed  energy 
applications  at  least  comparable  to  those  given  by  current  in  service  Octol  compositions. 

A  number  of  pertinent  performance  characteristics  such  as  velocity  of  detonation,  detonation 
pressure  and  Gurney  velocity  have  been  theoretically  predicted  for  ROWANEX  3000  and  are 
presented  in  Table  3  together  with  analogous  data  for  Octol  75/25,  Composition  B  and  TNT 
for  comparison.  It  will  be  seen  that  the  detonation  pressure  predicted  for  ROWANEX  3000, 
at  over  34  GPa,  exceeds  that  for  Octol  75/25  by  4%.  The  velocity  of  detonation  of 
ROWANEX  3000  has  been  experimentally  measured  at  8860  m.s’‘  which  is  in  excess  of  the 
predicted  value  of  8704  m.s''. 

As  part  of  the  WEAG  TA-25  collaboration  programme  the  penetration  performance  of 
candidate  compositions  from  participating  nations  was  evaluated  in  a  shared  generic  shaped 
charge  test  vehicle  design  against  a  common  target  plate  configuration.  Generic  reference 
charges,  filled  with  Octol  75/25  (EDC  IS),  were  fired  under  identical  conditions  for 
comparison.  The  shaped  charge  test  vehicles  used  in  penetration  trials  were  75mm  in 
diameter  with  a  50°  angle,  flow  formed  copper  cone,  and  an  aluminium  case.  Profiled 
ROWANEX  3000  billets  were  fabricated  by  double  end  pressing  and  the  billet  was  fitted 
onto  the  copper  liner.  The  concentricities  of  the  assembled  charges  were  checked  then  the 
shaped  charges  were  fired  into  stacked  25mm  thick  mild  steel  plates  at  4,  6,  8, 10  and  15CD 


stand  off  distances.  Performance  was  slightly  better  than  Octol  75/25  at  shorter  stand-off 
distances  but  significant  improvement  is  observed  at  long  stand-off  and  approached  40%  at 
15CD  (see  Table  4  and  Figure  1).  The  improvement  in  performance  at  longer  stand-off  is 
most  probably  attributable  to  the  homogeneity  of  the  pressed  filling  and  the  symmetry  of  the 
density  distribution  about  the  principal  axis  which  leads  to  lower  lateral  jet  drift  velocities 
than  for  shaped  charges  filled  with  melt  cast  explosives. 


TABLE  3.  PERFORMANCE  DATA" 


Parameter 

Explosive  Composition 

ROWANEX  3000 

Octol  75/25 

CompB 

TNT 

Solids  Loading 

(%"/.) 

95 

75 

60 

- 

Solids  Loading 

(%'/.) 

91.1 

70.9 

57.9 

- 

Theoretical  Maximum  Density 

(g/cm’) 

1.83 

I.8I 

1.74 

1.65 

VofD 

(m/s) 

8704 

(8860**) 

8,516 

8,071 

7,014 

Detonation  Pressure 

(GPa) 

34 

32.8 

28.7 

21 

Gurney  Velocity 

(m/s) 

2,880 

2,820 

2,712 

2,391 

Heat  of  Detonation 

(kJ/g) 

6.12 

6.09 

5.9 

5.41 

Gas  Evolved  on  Detonation 

(cm'/g) 

747 

710 

681 

567 

*  Theoretical  data  unless  stated  otherwise.  ^  Experimental  result 


TABLE  4.  PENETRATION  DATA* 


Explosive 

Performance  Parameter* 

1  Stand-Off  (Charge  Diameters)  | 

4 

6 

8 

10 

15 

ROWANEX  3000 

Mean  Penetration 

0*96 

1*00 

1*02 

I'OI 

0*93 

Maximum  Penetration 

1*01 

1*05 

MO 

1*13 

1*06 

EDCIS 
(Octol  75/25) 

Mean  Penetration 

0*95 

1*00 

1*04 

0-97 

0*67 

Maximum  Penetration 

I'Ol 

1*06 

1-07 

1*07 

0*79 

*  Normalised  in  each  case  with  the  mean  penetration  value  at  6CD 


FIGURE  I:  COMPARATIVE  SHAPED  CHARGE  PLATE  PENETRATION  RESULTS 


Mean  Penetration 
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6.  HAZARD  AND  AGKING  CHARACTERISTICS 

During  the  course  of  the  development  of  a  new  explosive  the  type  and  extent  of  the 
prescribed  testing  will  depend  on  the  nature  of  the  explosive,  its  intended  role  and 
application,  and  its  similarity  to  compositions  previously  assessed  It  is  normally  the  case  in 
the  UK  that  formal  pass/fail  criteria  are  not  applied  to  test  results  but  judgements  on  overall 
safety  and  suitability  for  service  are  made  on  the  basis  of  comparison  with  test  results  of 
explosives  which  have  been  used  successfully  in  similar  applications. 

An  outline  of  the  preliminary  hazard  assessment  programme  to  which  ROWANEX  3000  was 
subjected  is  given  in  Table  5.  A  full  description  of  the  individual  tests  is  beyond  the  scope  of 
this  paper  but  the  test  procedures  and  the  apparatus  employed  are  documented  elsewhere  *. 
The  trials  programme  was  divided  into  three  distinct  parts:-  (a)  small  scale  sensitiveness 
testing,  (b)  ageing  trial,  and  (c)  charge  hazard  testing. 

6.1  Small  Scale  Sen.sitiveness  Testing 

Sensitiveness  is  a  measure  of  the  ease  of  accidental  initiation  of  an  explosive  by  a  prescribed 
stimulus.  The  type  of  testing  undertaken  included  that  generally  conducted  to  generate  an 
explosive  hazard  data  sheet  and  involved  assessment  of  the  sensitiveness  of  the  composition 
to  a  range  of  stimuli  such  as  mechanical  impact,  friction,  heat,  naked  flame  and  electric  spark. 
Care  was  taken  to  fabricate  test  samples  which  maintained,  as  far  as  was  possible,  the 
integrity  of  the  polymeric  matrix  encapsulating  the  energetic  fillers  so  that  testing  was 
performed  under  representative  conditions. 


TABLE  5.  ROWANEX  3000  PRELIMINARY  HAZARD  ASSESSMENT  PROGRAMME 


Parameter 

Hazard  Assessment  Test 

Sensitiveness 

Reaction  to  mechanical  impact  (Rotter  impact,  F  of  1) 

Reaction  to  mechanical  impact  with  added  grit 

Reaction  to  frictional  impact  (mallet  friction) 

Rotary  friction  (F  of  F) 

Ease  of  ignition 

Temperature  of  ignition 

Ignition  by  flash 

Reaction  on  inflammation 

Electric  spark 

Powder  explosiveness 

Ageing 

12  Months  accelerated  ageing  ^ial  to  assess  the  effect  of  time  and  temperature  on  sensitiveness, 
chemical  stability,  mechanical  and  physical  properties. 

Charge  Hazard 

Burning  Tube 

Small  Scale  Fuel  Fire 

Large  scale  gap  test 

6.2  Ageing  Trial 

This  trial  involved  accelerating  the  ageing  of  the  ROWANEX  3000  explosive  at  elevated 
temperature  (60°C  )  for  periods  of  up  to  12  months.  Samples  were  removed  from  ovens  at 
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3-monthly  intervals  for  testing  and  comparison  with  unaged  controls.  The  ageing  explosives 
were  monitored  with  respect  to  changes  in  Shore  A  hardness,  mass,  sensitiveness  to  impact 
and  friction,  chemical  stability  and  mechanical  properties.  At  the  end  of  the  trial  mass  loss 
from  unconfmed  samples  over  the  12  month  period  amounted  to  0.1%  of  total  composition 
and  the  results  of  vacuum  stability  tests  were  well  within  the  limits  of  acceptability. 

6.3  Charge  Hazard  Trials 

The  majority  of  UK  charge  ha2ard  tests  are  designed  to  evaluate  the  explosiveness  of  an 
explosive  which  is  a  measure  of  the  magnitude  of  response  to  an  accidental  prescribed 
stimulus.  Since  insufficient  tests  can  be  carried  out  under  realistic  conditions  to  give 
statistically  significant  conclusions  on  the  grounds  of  cost,  tests  usually  employ  stimuli  or 
conditions,  such  as  confinement,  which  are  more  severe  than  would  be  found  in  practice. 
Results  from  a  selection  of  the  charge  hazard  trials  are  described  below  in  order  to 
demonstrate  the  reduction  in  vulnerability  of  ROWANEX  3000  when  compared  with 
TNT-based  counterparts. 

6.3.1  Burning  Tube  Te.st 

The  burning  tube  test  was  designed  to  assess  the  behaviour  of  an  explosive  charge  when 
ignited  by  a  propellant  under  confinement.  The  results  of  burning  tube  tests  on  ROWANEX 
3000,  together  with  those  on  several  melt-cast  explosives  for  comparison,  are  listed  in 
Table  6.  The  response  of  the  charge  to  the  test  conditions  in  terms  of  fragmentation  is 
expressed  as  a  degree  of  reaction  on  a  scale  of  0  to  4  ranging  from  failure  to  ignite  to  full 
detonation.  Descriptions  of  the  experimental  observations  corresponding  to  this  scale  of 
reaction  are  given  in  Table  7.  As  can  be  seen  from  the  results,  ROWANEX  3000  deflagrated, 
thereby  exhibiting  a  lower  order  response  than  those  recorded  for  comparable  TNT-based 
compositions.  Octol  75/25  under  the  same  test  conditions  gave  a  very  violent  explosion. 

TABLE  6.  COMPARISON  OF  BURNING  TUBE  TABLE  7.  DESCRIPTION  OF  REACTION 

AND  SMALL  SCALE  FUEL  FIRE  TEST  RESULTS  CATEGORIES  FOR  BURNING  TUBE  AND  FUEL 

FIRE  TESTS 


Explosive 

Composition 

1  Reaction  Degree  | 

Burning  Tube 

Fuel  Fire 

ROWANEX  3000 

2 

2 

TNT 

I 

2 

RDX/TNT  60/40 
(Comp  B) 

3 

4 

EDCIG 
(Octol  75/25) 

3 

4 

Degree  of 
Reaction 

Reaction 

Description 

Observation 

0 

Fails  to  ignite 

- 

0/1 

Burning 

End  cap  not 
ejected 

1 

Pressure  burst 
due  to  burning 

End  cap(s) 
ejected 

2 

Deflagration 

2  to  9  tube 
body  fragments 

3 

Explosion 

10  to  100  tube 
body  fragments 

I  body  fragments 


Detonation 
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6.3.2  Small  Scale  Fuel  Fire  Test 

This  test  was  developed  to  examine  the  behaviour  of  an  explosive  charge  under  the  fast 
cook-off  conditions  generated  in  a  fuel  fire  environment.  The  confinement  is  provided  by  a 
steel  tube,  similar  to  that  used  in  the  burning  tube  test,  which  is  suspended  over  a  tray  of 
burning  petrol.  The  results  of  this  test  on  ROWANEX  3000  and  a  number  of  TNT-based 
explosives  are  reproduced  in  Table  5.  The  scale  of  response  is  judged  in  the  same  way  as  in 
the  huming  tube  test  as  shown  in  Table  6.  ROWANEX  3000  gave  a  deflagration  response 
(reaction  degree  2)  in  this  test  which  compares  favourably  with  the  detonations 
(reaction  degree  4)  observed  for  Octol  75/25  and  Composition  B. 

6.3.3  Large  Scale  Gap  Test 

The  large-scale  gap  test  is  described  in  the  SCC  Manual  of  Tests  (Test  No  22)  *.  The 
large-scale  gap  test  is  based  on  the  US  NOL  large-scale  gap  test,  and  is  used  to  measure  the 
shock  detonation  sensitiveness  of  explosive  materials.  Results  are  expressed  as  the  pressure, 
Pg,  just  inside  the  attenuator  at  the  attenuator/acceptor  interface  resulting  in  a  50%  probability 
of  detonation  of  the  acceptor.  The  LSGT  results  for  the  candidate  formulations,  in  terms  of 
median  gap  (in  mm)  and  pressure  (in  GPa)  relative  to  a  50%  probability  of  detonation.  The 
results  for  ROWANEX  3000,  Octol  75/25,  and  Tetryl  are  summarised  in  Table  8. 
ROWANEX  3000  exhibited  greater  sensitiveness  to  shock  in  this  test  than  the  EDC  IS  melt 
east  reference  composition,  but  its  response  is  still  significantly  lower  than  the  pressable 
explosive  LX- 14. 

TABLE  8.  COMPARISON  OF  LSOT  RESULTS’ 


Composition 

Median  Gap 

Pressure 

(mm) 

(GPa) 

EDC  IS 

44.7 

2.53 

OCTOL  75/25 

49.5' 

2.04 

ROWANEX  3000 

51.2 

1.95 

LX-14 

54.5 

1.7 

TETRYL 

60.6' 

1.35 

a  LLNL  Explosives  Handbook;  BM  Dobratz 


A  new  pressable  polymer-bonded  explosive,  designated  ROWANEX  3000,  has  been 
developed  for  shaped  charge  and  fragmenting  warhead  main  charge  applications.  The 
explosive  has  demonstrated  enhanced  performance  levels  and  reduced  vulnerability  against 
certain  hazardous  stimuli  when  assessed  against  an  Octol  75/25  reference  composition. 
ROWANEX  3000  is  in  the  process  of  being  scaled-up  and  qualified  to  UK  and  NATO 
standards  and  it  is  anticipated  that  it  will  soon  be  available  to  weapon  system  designers  as  a 
fully  approved  explosive. 
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Abstract 

This  paper  deals  with  the  thermal  ignition  of  some  pyrotechnic  mixtures  by  means  of 
a  laser  diode.  It  is  an  interesting  way  to  ignite  and  study  these  pyrotechnic  mixtures 
and  compositions  behavior  during  ignition.  Two  experimental  setup  using  an  infrared 
laser  beam  have  been  carried  out.  The  first  device  uses  an  optical  fiber  in  order  to 
ignite  reactions  whereas  the  second  one  uses  lenses  to  concentrate  energy.  This  work 
is  devoted  to  the  influence  of  the  power  of  the  laser  P/oser>  the  pellet  porosity  X, 
and  the  mode  of  ignition  on  the  ignition  threshold  energy  F50  and  on  the  ignition 
delay  time  U.  It  has  been  found  that  the  ignition  mode  have  an  influence  on  ignition 
threshold  energies;  using  optical  fiber  ignition  results  in  lower  energy  level  than  using 
remote  ignition  system.  The  study  has  shown  that  Pjaser  increasing  causes  t;  and 
P50  decreasing.  Concerning  the  influence  of  Piasert  experimental  correlations  have 
been  found.  It  has  also  been  found  that  an  increase  of  c  causes  a  significant  decrease 
of  tj  and  P50. 

Keywords:  laser  ignition,  pyrotechnic  mixture,  porosity, 
ignition  delay  time,  ignition  threshold  energy 


INTRODUCTION 

Ignition  of  explosive  reaction  with  pyrotechnic  mixtures  may  be  obtained  by  means  of 
shock,  friction,  spark  or  heat  source.  Using  this  last  way,  numerous  detonators  have  been 
designed  and  most  of  them  use  hot  or  explosive  wires. 

A  few  years  ago,  small  laser  diode  were  employed  in  order  to  provide  energy  to  heat  up  the 
surface  of  explosives.  By  concentrating  the  laser  beam  in  some  hundred  of  micrometers 
diameter,  it  was  then  possible  to  obtain  an  electronic  optical  detonator.  Advantages  of 
such  devices  are  well  known:  there  are  not  sensitive  to  magnetic  disruption  and  their 
small  size  and  high  efficiency  allow  them  to  be  embarked.  Laser  diode  can  be  used  with 
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an  optical  fiber  to  drive  the  energy  to  the  explosives.  It  is  also  possible  to  use  lenses  in 
order  to  concentrate  energy  on  the  explosive  surface. 

These  principles  were  used  here  in  order  to  ignite  pyrotechnic  mixtures  and  to  caracterize 
two  important  parameters  during  initiation,  ignition  delay  time  ti  and  ignition  threshold 
energy  E^o  for  two  different  mixtures:  ZrjKClOi  and  Zrj PhCrOi. 

EXPERIMENTAL  SETUP 

The  pyrotechnic  mixtures 

Two  differents  pyrotechnic  mixtures  supplied  by  GIAT  Industrie  have  been  studied.  The 
grain  size  of  this  two  products  was  unknown.  The  first  one  was  Zr/ KCIO4,  chemically 
balanced  (mass  ratio  of  60/40)  and  the  second  one  was  Zrj PhCrOn  at  the  same  mass 
ratio,  oxydizer  lean.  An  amount  of  about  30  ±  2  mg  of  loose  mixture  was  pelletized  at  a 
pressure  Pp  depending  on  the  porosity  e  at  which  the  experiment  has  to  be  undertaken. 
The  dependency  of  e  versus  Pp  was  found  to  be  linear  (Fig.l): 


Fig.  1  -  Average  porosity  e  versus  Pp 


The  porosity  was  calculated,  first  by  calculating  the  density  pp  of  the  pellet.  Therefore, 
for  a  cylindrical  pellet  having  a  mass  of  mp,  $p  in  diameter  and  a  high  of  d,  it  results; 


Pp  '' 


imp 


(1) 


where:  $p  =  3  mm,  d  is  measured  (round  of  the  1/100  of  millimeter)  and  mp  is  the  amount 
of  powder  (round  of  10“®  g).  Given  Pp,  it  follows: 

4m„ 


1 


n^jdpc 


(2) 
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where  pc  is  the  density  of  the  compact  pyrotechnic  mixture.  For  binary  mixtures,  it  has 
been  found  to  be  equal  to: 

~  x„„  .  X,ua  (3) 

Poxy  Pfucl 

where  X,  and  p,  are  the  mass  ratios  and  densities  of  each  component  respectively.  Accor¬ 
ding  to  Fig.  1,  t  decreases  as  Pp  increases  and  it  can  be  smooth  by: 

^ZriKCioA%)  =  43.04  -  2.23.10-3  Pp(6ar) 

^ZriPhCroA%)  =  53.76  -  9.89.10-<Pp(6ar) 

Given  Pp  =  0  in  Eq.4,  the  natural  porosity  of  the  powder  (in  close  relation  with  the 
grain  size)  can  be  calculated;  the  greater  the  natural  porosity  is,  the  greater  the  grain  size 
is. 


The  experimental  devices 

Two  experimental  setup  (Fig.2  and  Fig.3)  were  carried  out  in  order  to  use  a  laser  as 
energy  source.  Pyrotechnic  mixture  pellets  surface  was  heated  by  a  laser  beam  until  the 
ignition  temperature  is  reached. 


Fig.  2  -  Optical  fiber  laser  ignition  FiG.  3  -  Remote  laser  ignition 

(  Device  1  )  (  Device  2  ) 

An  electronic  box  allowed  to  adjust  the  laser  power  and  the  laser  pulse  width.  The  power 
Piaser  of  the  laser  is  measured  by  a  pyroelectric  laser  radiometer  placed  just  at  the  top 
of  the  optical  fiber  for  the  Device  n°l,  and  after  the  sapphir  window  for  the  second  one. 
A  computer  drives  both  the  triggering  line  and  the  recording  data  system.  The  ignition 
delay  time  is  recorded  thanks  to  an  infrared  sensor  =  850  nm)  placed  upon  the 

pellet  surface.  The  sensor  voltage  is  simultaneously  recorded  on  the  computer  and  on  a 
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numerical  oscilloscope.  These  two  different  systems  allowed  us  high  speed  photography. 
Various  tests  were  carried  out  from  9000  to  18000  frames  per  seconde  on  a  kodack  Ecktapro 
motion  analyser.  The  camera  is  also  drived  by  the  computer,  and  the  camera  photos  can 
be  recorded  on  it. 

The  first  device  (Fig. 2)  uses  a  laser  diode  (SDL2262P2).  An  optical  fiber  (connected  to 
this  diode)  of  100  /rm  allowed  to  deposit  a  laser  energy  flux  lower  than  7.6  kWIcm?.  The 
laser  beam  wavelength  is  815  nm.  The  optical  fiber  top  which  is  burnt  after  each  shooting 
has  to  be  cut,  and  this  step  is  very  important  for  the  efficiency  of  this  ignition  mode. 
The  second  experimental  setup  consists  of  a  remote  ignition  system  (Fig.3);  the  laser 
source  is  provided  by  an  other  laser  diode  (OPC-A007-815-FC)  on  a  divergent  beam  of  1 
mm  of  diameter  at  the  top  of  the  optical  fiber.  The  beam  wavelength  and  the  numerical 
aperture  are  815  nm  and  0.14  respectively.  The  laser  beam  is  firstly  collimated  through  a 
lens  (ii),  and  then  focused  by  L2  on  the  pyrotechnic  mixture,  which  is  in  contact  with  a 
sapphir  window  (1  mm  thick).  The  top  of  the  optical  fiber  and  the  pyrotechnic  mixture 
pellet  are  placed  on  the  focal  length  of  i]  and  L2  respectively.  Given  the  optical  fiber 
diameter  of  D/ner  =  1  mm  and  the  focal  lens  length  of  L2,  f2  =  4.6  mm;  fi  changed, 
various  spot  diameters  on  the  pellet  were  obtained  (cf  Tab.l): 


h  (mm) 

10 

16 

25 

30 

^spot 

400 

290 

185 

155 

Tab.  1  -  Calculated  spot  diameters. 


This  setup  provides  a  tuning  power  lower  than  4  VF  on  a  spot  diameter  which  ranges 
from  180  to  400  pm.  The  beam  diameters  were  measured  by  using  a  photo  paper  placed 
against  the  sapphire  window;  as  the  first  device  the  laser  is  driven  by  a  control  box.  In 
the  Device  n°2  high  speed  camera  can  run  through  a  window  made  into  the  cylindrical 
steel  casing.  All  the  experiments,  for  Device  n‘’2  were  carried  out  for  a  spot  diameter  of 
185  pm. 

STATISTICAL  METHODS 

Working  on  reactive  heterogeneous  materials  implies  the  use  of  statistical  methods  in 
order  to  determine  Ec%  (ignition  threshold  energy  correponding  to  a  ignition  probability 
of  c%)  and  the  ignition  delay  time  U,  both  disturbed  by  this  heterogeneousness. 

To  access  the  ignition  threshold  energy  E^o  and  its  standard  deviation  ctesoi  ’’Bruceton” 
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statistical  test  1^1  has  been  used.  This  test  consists  firstly  of  preliminaries  which  permit  to 
estimate  £5%  (no  ignition  energy  threshold)  and  Eioo%  (threshold  energy  corresponding 
to  an  ignition  probability  of  100%). 

Therefore  a  series  of  30  shootings  has  been  undertaken  in  order  to  determine  £5%,  £50% 
and  £95%.  The  test  is  validated  if  the  energy  step  number  (resulting  from  positive  and 
negative  shooting)  ranges  from  4  to  7.  Assuming  that  the  ignition  energy  statistical  law 
is  gaussian,  it  follows; 

Esox  =  Eo  +  d{^  ± 

=  1.62d|^^^  + 0.0291 

Where:  N:  Total  shooting  number 

Eo'.  minimal  energy  value 
d:  energy  step 

step 

A:  ^  in,  n  number  of  shooting  of  the  less  numerous  type  of  shooting 
1=1 

(positive  or  negative)  at  a  level  of  energy  i 

Step 

B: 

i=l 

Given  £50  and  cr,  the  energy  and  its  standard  deviation  at  an  ignition  probability  of 
c%  is  Ec  =  £50  +  Kac  and  ac  =  with  Q  and  K  tabulated  values. 

The  average  ignition  delay  time  U  and  the  average  porosity  Z  (Fig.l)  were  calculated 
thanks  to  an  other  statistical  method.  Although  these  pellet  batches  are  made  under 
identical  experimental  conditions,  a  spreading  out  of  these  two  values  due  to  the  powder 
heterogeneousness  has  been  observed;  a  method,  based  on  the  ”3(r  statistic  law”,  valid  for 
the  large  number  law,  has  then  been  computed.  One  of  the  statistical  law  used  for  small 
populations  (less  than  30)  is  the  ’’Student  law”  which  tends  to  a  normal  law  for  n  >  30. 
In  order  to  translate  the  ”3cr  law”  into  a  law  for  small  populations,  the  tabulated  value 
of  ta  (student  coefficient)  has  to  be  found,  which  gives,  for  a  number  of  elements  n,  a 
probability  of  99.7%  to  find  the  ’’true  value”  between: 

m - T=<Ao<m+— =  (6) 

\/n  y/n 

Where  a:  standard  deviation 
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n 

m:  mean  of  n  elements  Xk  ^  — 


Firstly,  the  mean  and  the  standard  deviation  are  calculated  with  all  the  values  of  Xk 
(for  this  study  Ck  or  then,  regarding  to  Eq.6,  all  the  Xk  which  range  between  the  two 
limits  determined  by  Eq.6  were  kept  to  calculate  with  a  good  precision  the  value  of  t,  U 
and  their  standard  deviation.  Thus,  Eq.6  is  used  as  a  filter. 

For  ti  measurements,  the  infrared  sensor  signal  is  firstly  calibrated  to  be  linked  to  the 
ignition  phenomenon.  In  order  to  do  that,  both  high  speed  camera  and  infrared  sensor 
voltage  have  been  used  (Fig.4): 


D  a,!  I  14  2  2.i  3  34  I  44 

HmsCins) 


Fig.  4  -  Determination  of  the  ignition  criterion 


The  ignition  delay  time  t;  has  been  defined  as  the  delay  between  the  beginning  of  the 
laser  pulse  and  the  very  first  steps  of  the  ignition  corresponding  to  the  first  visible  light 
production.  For  the  two  mixtures  and  various  experimental  conditions  the  infrared  sensor 
voltage  associated  with  this  event  was  found  to  be  constant:  Vignition  =  0.338V 


RESULTS  AND  DISCUSSION 

As  said  before,  the  influence  of  the  average  porosity  e,  Piaser  aJid  the  ignition  mode  on 
Eso  and  ti  were  carried  out  for  ZrjKClOA  and  Zrj PhCrOi  mixtures. 

The  first  results  concerning  the  influence  of  e  have  shown  for  Eso  and  ti  a  monotonic 
decrease  as  e  decreases  (Fig.5)  for  the  two  studied  mixtures. 
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Fig.  5  -  Influence  of  e  on  E^o  and  ti 

These  results  were  performed  on  the  Device  n°2  with  P(oseri=2.94  kW/cni^  for  ZrfKCl04 
and  P(aser2=l-84  kWjcm^  for  Zr/ PbCrO^,  Piaaer  was  chosen  far  enough  from  the  critical 
value  Pc  under  which  no  ignition  occures  and  £50  standard  deviation  increases.  As  shown 
in  Fig. 5,  F50  and  t,-  tend  to  a  minimal  value  of  1.5  Jjcmf  and  3.4  ms  respectively,  when 
e  tends  to  the  natural  porosity.  For  Zr  j PhCrO^,  the  influence  of  e  seems  to  be  more  pro¬ 
nounced.  Some  other  studies!^’  '^1  dealing  with  the  influence  of  t  on  F50  provide  support 
for  the  results  shown  in  Fig. 5.  Brochier  hcts  shown  that  decreasing  p  (i.e.  increasing 
e)  implies  the  surface  to  be  rough  and  dark  which  leads  to  minimize  the  ignition  thre¬ 
shold  energy  flux.  More  theorical  studiest^l  have  shown  the  same  influence  of  the  surface 
roughness  upon  the  radiative  surface  properties.  In  fact  the  influence  of  the  porosity  on 
the  studied  parameters  appears  to  be  more  complex;  radiative  and  thermal  parameters, 
just  like  gaz  phase  reactions  may  be  change  by  e.  Some  experimental  works  (supported 
by  calculations)  undertaken  in  our  laboratory!®'  have  shown  that  increasing  the  porosity 
causes  a  slight  decrease  of  the  thermal  diffusivity  a;  the  decrease  of  a  emphasies  hot  spots 
growing  and  facilitates  ignition.  It  can  also  be  thought  that  surface  roughness  raising 
results  in  surface  micro  black  bodies  growing  (i.e.  surface  reflexivity  decrease)  and  thus, 
minimizing  the  ignition  threshold  energy  flux.  Gaa  phase  reactions'^’  has  to  be  also 
taken  into  account  because  they  can  be  alterred  by  a  porosity  decrease.  A  part  of  chemi¬ 
cal  reactions  occurs  into  the  gaz  phase  (ex  oxydizer  decomposition'^')  which  implies  that 
closing  porosity  causes  the  solid  specific  area  decrease.  This  last  chemical  phenomenon 
could  influence  the  ignition  delay  time  decrease. 

In  a  second  part,  the  influence  of  the  ignition  mode  and  the  influence  of  the  laser  power 
Piaser  On  i?6o  and  ti  have  been  studied. 


Fig.  6  -  Influence  of  Piaser  on  E^o  and  tj 


It  can  be  seen  for  the  results  plotted  in  Fig.6  that,  for  the  two  devices  and  the  two 
mixtures,  a  Puser  increase  causes  a  huge  decrease  of  F50  and  it  also  shows  that  over 
Piaser  =2  kWjcwf,  Fso  and  tends  to  fixed  numbers,  meaning  that  Pi^ser  =2  kWjcwf 
constitutes  a  boundary  limit  between  two  ignition  regimes.  Fig.6  illustrate  the  fact  that 
the  ignition  thresholds  obtained  from  the  Device  n“l  (Fig.2)  are  lower  than  these  obtained 
on  device  n°2  (Fig. 3).  This  difference  may  be  causes  by  energetic  losses  due  to  the  fact 
that,  in  device  n°l,  the  optical  fiber  (which  drives  the  energy  to  the  pellet  surface)  is  put 
into  contact  with  the  reactive  mixture;  thus  optical  energetic  lossest^'  are  limited  by  heat 
conduction  transmission  efficiency.  This  is  worth  remarkable  that  for  the  two  devices,  the 
heating  diameter  is  not  the  same,  and  it  is  known  1^'  that  for  each  composition,  the 
influence  of  the  heating  diameter  upon  the  ignition  threshold  energy  is  not  monotonic; 
there  is  a  critical  diameter  corresponding  to  a  minimum  ignition  threshold  energy.  The 
results  plotted  on  Fig.6  demonstrate  that  there  is  a  critical  laser  power  Pc,  below  which 
no  ignition  occures.  It  means  that,  to  drive  to  ignition,  Piaser  bas  to  be  far  enough  from 
Pc  in  order  to  compensate  energetic  losses  represented  by  Pc  ■  It  follows  thus  that  F50 
versus  Piaser  Can  be  represented  by: 

A 


Er. 


(7) 


f  {Piaser  -  Pc) 

The  problem  is  to  determinate  an  accurate  value  of  Pc-  An  other  way  to  present  such 
results  is  to  plot  Piaser  versus  fp5o,  where  fp5o  =  (Fig-  7): 
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Fig.  7  -  Influence  of  tpso  on  Piaser 

The  results  displayed  in  Fig.7  clearly  demonstrate  that  Piaser  =2.2  kWjcw?  constitutes 
a  limit  between  to  ignition  zones.  A  ID  analytical  studyt^^l  has  shown  that  it  is  possible 
to  approach  Puser  versus  tpso  by  Eq.8: 

"  (W 

with  6=0.5. 

In  our  case  Eq.8  is  verified  for : 


A 

b 

r 

Device  n°l  Zr/KClOt 

1.72 

0.519 

-0.978 

Device  n°2  Zr/KClO^ 

3.22 

0.5469 

-0.986 

Device  n'’2  Zr/PbCrO^ 

3.22 

0.5102 

-0.988 

Tab.  2  -  Experimental  values  of  A  and  b 


Despite  of  the  two  regions  observed  on  Fig.7,  this  experimental  output  (Tab. 2)  give  results 
in  quite  good  agreement  with  those  predicted  by  the  thermal  ignition  equation  (Eq.8). 
Some  other  experimental  works  ^^1  undertaken  in  our  laboratory  have  shown  the  same 
evolution.  A  2D  numerical  simulation  carried  out  by  gillard  et  al.^^^',  taking  into  account 
radial  phenomena  follows  and  confirms  very  well  with  our  experimental  results. 

In  order  to  determinate  Pc,  it  is  very  interesting  to  plot  versus  Piaser-  Delichatsiosl^'^1 
et  al.  have  found  that,  for  thermal  ignition,  =  C‘° Piaser{WI m^)  +  C.  By  considering 
our  experimental  values  which  correspond  to  thermal  ignition  (i.e.  Piaser  <2.2  kWIcm^), 
it  becomes  easier  to  get  Pc  (Fig. 8): 
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Fig.  8  -  i  versus  (Device  n^S)  ^ 


When  ti  tends  to  infinity,  =  tends  to  zero,  and  Piaser  tends  to  P^.  It  follows  for  Piaser  <2.2 
fcVF/cm^  and  using  a  linear  extrapolation  (A  =  aPi^s„  +  6): 


Pc  = 


(9) 


It  results  from  Eq.9  and  Fig. 8  that  Pci  =0.139  kWIcm?  and  Pc2  =0.387  kWIcrrP  for 
ZrIPbCrOi  and  ZrjKClOi  respectively.  For  Piaser  >2.2  kWIcm?,  the  results  plotted 
in  Fig.8  show  that  U  tends  to  a  limit  which  was  3.39  ms  and  3.3  ms  for  ZrjPhCrOA 
and  Zrf  KCIO4  respectively.  Therefore  smoothing  our  values  with  a  power  function  and 
taking  into  account  the  previous  results,  it  follows: 


^Zr/KCtOs^^^^  = 
j-Zr/P^CrOs^^^^  = 


-  +  3.3 


(Plaser-Pa?'^ 
2.11 


+  3.39 


(10) 


Thanks  to  the  results  obtained  from  Eq.9  and  replacing  them  into  Eq.7,  it  follows ; 
-ZriKciOii  j/  2\ _ 8.47 


E. 

P50 


50  {Jlcm?)  - 

■ZrlPhCrOi,  JI^2\  _  8.65 


(11) 


"(J/cm^)  -  (p,^„,._p„,)o.»6 
Fig. 9  shows  that  an  increase  of  P50  causes  an  increase  of  t;.  This  evolution  has  been 
numericaly  shown  by  Gillard  et  al.ll^l  in  a  2D  numerical  simulation;  it  ensues  that  the 
understanding  of  the  phenomenon  has  to  consider  the  radial  dimension  in  order  to  connect 
it  to  the  reality. 


CONCLUSION 

Two  experimental  setup  using  two  different  laser  diode  were  completed  in  order  to  initiate 
pyrotechnic  mixtures.  Two  important  parameters,  and  E^o  were  studied  for  Zr ( KClOi 
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and  Zr  j PhCrOi  mixtures. 

It  was  shown  that  both  mixtures  give  the  same  results  concerning  the  study  of  the  in¬ 
fluence  of  Piaser  and  Z  On  ti  and  It  was  found  that  the  ignition  mode  is  very  important, 
and  results  in  huge  threshold  energy  differences:  in  our  case,  optical  fiber  ignition  gives 
lower  ignition  threshold  energy  than  the  remote  ignition  system.  The  results  shows  that 
an  increase  of  Piaser  (for  both  studied  mixtures  and  both  devices)  causes  a  decrease  of 
ti  and  Eso-  Calculating  Pc,  the  power  under  which  no  ignition  occurs,  experimental  laws 
have  been  written  by  linking  all  the  experimental  parameters  involved  in  the  ignition. 
Concerning  the  influence  of  the  porosity  e,  the  results  have  shown  that  <,■  and  Eso  decrease 
when  Z  increases.  It  has  been  found  some  explanations  about  the  results  by  refering  them 
to  physical  phenomena  such  as  surface  radiation,  thermal  diifusivity  or  gas  reactions.  All 
this  parameters  seems  to  take  place  into  the  porosity  effect. 

Acknowledgements:  The  autors  thank  A.  Espagnac  of  GIAT  INDUSTRIE  for  providing  various 
types  of  pyrotechnic  mixtures  (ZrfKCl04  and  ZrjPhCrO^)  for  this  laser  ignition  study. 
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SUMMARY 

Compact  Discs  (in  their  various  formats)  are  now  established  as  the  world's  number  1  digital 
information  carrier.  Their  growth  will  accelerate  with  the  current  introduction  of  the  very  high 
capacity  DVD  formats  (working  on  the  same  physical  principle). 

The  contents  of  the  CD-ROM  go  in  certain  instances  from  very  confidential  to  too  secret, 
especially  in  the  domain  MILITARY/INTELLIGENCE  GATHERING. 

So  there  is  need  for  immediate  destruction  under  emergency  conditions.  Presently  CD-ROM  are 
routinely  destroyed  under  non  emergency  conditions  using  microwave  ovens  or  just  by  disposal  at 
sea.  However  these  ways  are  not  suitable  for  Emergency  very  Rapid  complete  data  destruction. 
The  CD-ROM  has  the  disadvantage  (advantage  in  most  instances)  that  it  is  mechanically  and 
chemically  resistant.  Its  weak  point  is  heat. 

We  have  introduced  a  thin  pyrotechnical  layer  on  a  surface  just  above  the  printed  side  of  the  CD- 
ROM.  This  pyrotechnic  burns  at  2000  °C  for  under  5  seconds  and  assures  that  practically  100  % 
destruction  of  the  information  is  achieved.  There  are  practically  no  side  effects,  ie  no  fire  hazard 
and  no  emission  of  toxic  fumes. 
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Einleitung 

Der  5"  Compact  Disc  ist  weltweit  zum  digitalen  Informalionstrager  Nummer  Eins  geworden.  Die 
nachfolgende  Tabelle  moge  dies  veranschaulichen: 


1994 

1995 

1996 

1997 

WESTERN  EUROPE 

1343 

1619 

1964 

USA 

1212 

1654 

1939 

JAPAN 

491 

580 

639 

LATIN  AMERICA 

89 

127 

169 

CANADA 

99 

152 

173 

202 

ASIA 

210 

289 

453 

598 

AUSTRALIA 

49 

66 

79 

88 

EASTERN  EUROPE 

29 

33 

44 

57 

MIDDLE  EAST 

16 

23 

36 

40 

REST  OF  WORLD 

6 

10 

12 

14 

WORLD  OUTPUT  TOTAL  (Mio.) 

3544 

4553 

5508 

6336 

Tab1  Welt  CD  Produktion  1994- 1997 

Qelle:  Understanding  &  Solutions  Ltd.,  Dunstabel,  Bedfordshire  LU6  3HS,  England 


Die  Zahlen  umfassen  CD  im  Audio-  und  Videobereich,  sowie  CD-ROM.  Die  CD-ROM-Produktion  hat 
alleine  von  988.52  Mio.  Einheiten  1995  auf  1  580.50  Mio.  Einheiten  1996zugenommen. 

Erwird  zunehmend  zum  Trager  von  Informationen  aus  sensitiven  Bereichen  des  Gesundheits-  und 
Bankenwesens,  sowie  dem  Verteidigungsbereich.  So  werden  z.B.  Mission  Profiles  von  Flugzeugen, 
U-Booten  und  unbemannten  Flugkorpern  ausschliesslich  ab  CD-ROM  gelesen. 

Die  Forderung  nach  der  Vernichtbarkeit  der  Information  im  Bedarfsfalle  ist  somit  gegeben. 


Dies  kann  beim  Papier  wie  auch  bei  elektromagnetischen  Datentragern  auf  einfache  Weise 
geschehen.  Der  CD-ROM  hingegen  ist  unempfindlich  gegen  Magnetfelder  und  bedingt  durch  seinen 
Aufbau  ebenfalls  mechanisch  ausserst  stabil. 
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Deckschicht  Oberseite 


U  U  U  LJ  U  U 


Abb  1  Prinzipaufbau  des  CD-ROM's 


Geringfugige  Beschddigungen  der  Reflexionsschicht,  die  ein  Lesegerat  zum  «Stottern»  bringen, 
konnen  nicht  als  informationsvernichtend  gewertet  werden,  denn  diese  kann  mit  andern  Hilfsmittein, 
z.B.  mikroskopisch  jederzeit  wiedergewonnen  werden. 


In  der  Praxis  hat  man  sich  bis  date  denn  auch  mit  «Pfahlbauermethoden»,  wie  erhitzen  im 
Mikrowellengerat  Oder  Versenken  im  Meer  beholfen. 


Erste  Versuche,  das  Problem  mit  Hilfe  von  Losungsmittein  Oder  direktem  chemischen  Angriff 
anzugehen,  sind  gescheitert.  Starkste  anorganische  und  organische  Sauren  inklusive  Konigswasser 
vermochten  die  Lesbarkeit  eines  CD-ROM  innert  nutzlicher  Frist  (<  60")  nicht  zu  beeintrSchtigen. 
Lbsungsmittelseitig  war  einzig  Methylenchlorid  in  der  Lage,  nach  5  Minuten  die  Polycarbonatschicht 
wegzuldsen. 

Somit  bot  sich  als  einzige  erfolgversprechende  Variants  die  thermische  Vernichtung  an  und  die 
Pyrotechnik  war  hier  naheliegend. 


Problemstellung 


I.Ziel 


Es  ist  im  Innern  des  CD-ROM-Behalters  (Caddy)  Oder  allenfalls  auf  der  CD-ROM-Oberseite  direkt 
eine  pyrotechnische  Schicht  dermassen  anzubringen,  dass  diese  den  normalen  Betrieb  nicht  stort, 
aber  im  Falle  einer  Zundung  den  CD-ROM  soweit  beschadigt,  dass  durch  keine  Massnahme  die 
Information  gewonnen  werden  kann.  (no  character  readable). 
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2.  Randbedinaunaen 


Funktionstemperaturband 
Mechanische  Belastbarkeit 


Funktion  unter  Wasser 

Lagerkondition 

Nebenwirkungen 


Caddy 

Ziindung 


-35  °C  /  +60  “C 

Falltest  )  gemass  MIS  810  D/E 

Schock  ) 

Vibration  ) 

nicht  gefordert 

60  %  rel.  Feuchtigkeit 

•  Keine  Deflagrationen,  weder  bei  Zundung  noch  bei  Abbrand. 

•  Keine  Emission  von  giftigen,  oder  korrodierenden  Gasen 

•  Beim  Abbrand  dart  der  Caddy  verformt  werden,  nicht  aber  zu 
brennen  beginnen 

•  ein  Abbrand  im  Laufwerk  darf  dieses  beschadigen,  nicht  jedoch  die 
Peripheriegerate 

•  Dieser  muss  serienmassig  sein.  Er  darf  an  Stelle  des  normalerweise 
verwendeten  Polystyrols  aus  Polycarbonat  bestehen 

•  elektrisch;  Zundpille  T-7.  Als  Option  kann  eventuell  eine 
mechanische  Zundung  in  Betracht  gezogen  werden 


Ldsungsansdtze 


1  ■  Wirkmassen 


Infolge  den  gestellten  Randbedingungen  musste  von  vornherein  auf  gaserzeugende  Satze,  wie 
etwa  phlegmatisiertes  Schwarzpulver  verzichtet  werden.  Die  Auswahl  beschrSnkte  sich  demzufolge 
auf 

-  Thermite  mit  leichter  Zundbarkeit 

-  Redoxsysteme  Metall/Fluorkohlenwasserstoffe 

-  Metall/Perchlorate  (aus  Sicherheitsgrunden  wurden  Chloratsatze  ausser  Acht  gelassen) 

2.  Messorossen  und  Beurteilunaskriterien 


Die  Spritztemperatur  des  allgemeinen  CD-Werkstoffes  Polycarbonat  liegt  bei  280-300  °C.  Aus 
Vorversuchen  im  Warmeschrank  war  bekannt,  dass  sich  das  Material  bei  ca.  250  °C  dermassen 
veranderte,  dass  ein  Informationscode  nicht  mehr  erkennbar  war.  Andererseits  waren 
Warmeubergangszahlen  von  abbrennenden  Pyrotechnikschichten  mit  Flammtemperaturen  von 
1500-2500  K  vollig  unbekannt,  sodass  man  sich  auf  eine  Trial  and  Error  Methode  mit  visueller 
Beurteilung  beschranken  musste. 
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3.  Anforderunaen  an  die  Pvrotechnikschicht 


Maximaldicke 

Adhasion 

Versiegelung 

Substrat 


0,5  mm  (bedingt  durch  Platzverhaltnisse) 

Genugend  fur  Fall-  und  Vibrationstests 

Keine  Bildung  von  Abrieb  und  Staub  wahrend  Betrieb  und  wahrend  der 
mechanischen  Beanspruchung 

CD-ROM  warden  wahrend  des  Lesevorgangs  auf  maximal  6890  U.p.m 
beschleunigt.  Aus  dieser  Uberlegung  kam  bevorzugt  der  Caddydeckel 
als  Substrat  in  Frage.  Damit  ergaben  sich  Probleme,  da  dessen 
Material,  Polystyrol,  thermisch  weniger  resistant  war,  als  das 
Polycarbonat  des  CD-ROM 


4.  Applikation 


Zur  Herstellung  der  Schichten  wurden  die  pyrotechnischen  Satze  in  Losungsmittel  aufgeschlammt. 
Binder  zugesetzt  und  anschliessend  mit  Pinsel  Oder  Erichsongerat  aufgetragen.  Der 
Reproduzierbarkeit  kam  entscheidend  Bedeutung  zu.  Folgende  Binder  kamen  zum  Einsatz: 

Binder  14  Compound  aus  Styrol-Copolymer  und  modifiziertem  Kolophoniumharz  bewirkt  in  kleinen 
Konzentrationen  (3  %)  gute  satzinterne  Bindung.  Die  Adhasion  auf  dem  Substrat  ist  jedoch  gering. 


Emzelllack  (Nitrocellulose/Alkylharz)  ergibt  verbesserte  AdhSsion  auf  dem  Substrat  bei  jedoch 
erhShten  Konzentrationen. 


Acrvllack  darf  als  Kompromiss  zwischen  Binder  14  und  Emzell  bezeichnet  werden. 


Ubersicht  fiber  die  Grundlagenversuche 


1 .  Pvrotechnische  Svsteme 

In  einer  Grundlagenstudie  wurden  die  folgenden  Stoffkombinationen  ausgewahit  [1-13] 

AI/FeaOa^Mg/FeaOs:  AI/MgFezOa:  Mg/MnOa;  CaS^MnOz:  Ti/FezOj;  Ti/B;  Fe/KCI04:  Mg/PTFE 

Vor  der  Applikation  wurden  mit  losem  Gemisch  erste  Abbrandversuche  durchgefuhrt,  anschliessend 
durch  Abbrandversuche  in  diinner  Schicht  erganzt.  Zum  Schluss  wurde  mit  Binder  vermischt  und 
auf  den  Caddydeckel  appliziert. 
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Erwartungsgemass  hatte  der  gewahite  Binder  einen  starken  Einfluss  durch  ubermassige 
Phlegmatisierung  einerseits,  Oder  Veranderung  des  Abbrandverhaltens  durch  die  bei  der  Pyrolyse 
entstehenden  brennbaren  Gase. 

Fur  alle  gewahiten  Systeme  verbindlich  konnte  zusatzlich  beobachtet  warden,  dass  das 
Durchbrandverhalten  der  Schicht  stark  von  der  Oberflachenbeschaffenheit  des  Untergrundes 
abhangig  war.  Bei  glatter  Oberflache  (Kunststoff,  Karton,  Al-Folie)  musste  die  aufgetragene  Menge 
im  Schnitt  verdoppelt  warden,  urn  einen  Durchbrand  zu  erzielen.  Dies  wiederum  hatte 
unerwiinschte  Nebenwirkungen  auf  das  Gesamtsystem. 

2.  Versuchsresultate  der  Grundlaoenohase 

Diese  seien  im  folgenden  hexagonalen  Schema  dargestellt. 


CO  Zerstorung 


Caddy  Zerstorung 
inkl.  Abbrand 


Die  100  %  ideale  Kombination  hatte  hier  also  die  Form  eines  regularen  Sechsecks. 


Generell  kann  folgendes  bemerkt  werden: 


Samtiiche  Gemische  haben  in  stochiometrischer  Form  zu  heftig  reagiert.  Aus  diesem  Grund  musste 
mit  ca.  20  %  Uberschuss  des  Reduktors  gearbeitet  werden. 


3)  Mg/MnOj 
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5)ri/B:Ti/Fe203 


Starke  Russemission 
HF-Spuren  nicht  ausge- 
schlossen 


Da  Enerfoil  quasi  stochiometrisch  zusammengesetzt  ist,  verlauft  der  Abbrand  zu  heftig.  Mechanisch 
hingegen  ist  das  Produkt  ideai. 
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7)  Fe/KCI04.  Dieses  Redoxsystem  wird  oft  in  thermoaktivierten  Batterien  verwendet.  Fiir  die 
vorliegende  Anwendung  ist  es  zu  energiearm,  kann  jedoch  infolge  nachglimmen  das  Polystyrol  des 
Caddydeckels  entzunden. 

Aus  diesen  Grundlagenversuchen  geht  folgendes  hervor; 

=>  Abriebfestigkeit  und  mechanische  Resistenz  klar  ungeniigend 
=>  Substratoberflache  muss  aufgerauht  sein  und  soil  gegen  den  Caddydeckel  isolieren 
=>  Polystyrol  ist  als  Caddymaterial  nicht  geeignet.  Es  muss  ersetzt  werden  durch  Polycarbonat 
=>  Als  Wirkmasse  kann  ein  aktiviertes  Thermitsystem  eingesetzt  werden.  Das  System  Mg/PTFE  fallt 
aus  Emissionsgrunden  weg 

Umsetzung  in  ein  Funktionsmuster 

Das  als  Demonstrator  vorgesehene  Funktionsmuster  ist  aus  den  in  den  Vorversuchen  gewonnenen 
Erkenntnissen  entstanden  und  verfugt  uber  folgende  Konfiguration: 

Caddydeckel:  Polycarbonat 

Tragermaterial:  Glasfaservlies  /27g/m* 


Pyrotechnik  (3  %  Binder  14)  Fe203:  30% 

MnOa;  16% 

Al:  13% 

Zr:  21  % 

Fe:  20  % 


Das  Eisen  nimmt  nicht  aktiv  an  der  Reaktion  teil,  sondem  wirkt  als  Kiihler  und  gibt  die  gespeicherte 
Energie  uber  Strahlung  an  das  CD-ROM  ab. 

Die  Leistungscharakteristik  sieht  folgendermassen  aus: 


'100% 
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Ein  Mittel  zur  effizienten  Informationsvernichtung  auf  CD-ROM,  wie  auch  auf  DVD  (Digital  Versatile 
Disc)  ist  somit  gegeben. 

Zusammenfassung 

Pragnant  ausgedruckt  war  foigende  Aufgabe  zu  losen: 

In  einem  Kunststoffbehalter  ist  ohne  Auswirkungen  auf  dessen  unmitteibare  Umgebung  ein 
Kunststoffgegenstand  grossflachig  thermisch  mittels  Pyrotechnik  unbrauchbar  zu  machen. 

Dies  bedeutet: 

-  Minimale  Energieabgabe  an  das  Substrat;  maximale  Energieabgabe  an  das  zu  zerstorende 
Objekt 

-  Erzielung  eines  stabilen  Abbrandes  mit  Glimmcharakter  trotz  Energieverluste  an  das  Substrat 

-  Mechanische  HSrtung  der  Schicht,  urn  Beanspruchungen  im  Rahmen  von  MIS  810  D  zu 
widerstehen 

Durch  Verwendung  von  Glasfaservlies  als  Isolierschicht  zum  Kunststoff,  beimischen  eines 
metallischen  Energiespeichers  zur  verwendeten  Thermit,  konnten  die  Probleme  gelbst  werden. 
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Evalnation  of  polyNT^^^fO  in  a  Reduced  Smoke  Propellant 


Poly(3  nilratoilneihyl-S-niethyloxetsne  or  polyNiMMO  (C5H504N)  Is  a  new  and  promising 
polyiner  foi  composite  piopetlants  and  is  a  potential  replacement  for  hydroxy-terminated 
polybutadiene|(HTPB). 

PoIyNlMMO  is  compatible  with  the  range  of  newly  developed  energetic  plasticisers  such  as 
Glycidyl  AzidJ  (GAP-A).  Use  of  such  plasticisers  allows  a  reduclion  in  solids  loading  winist 
maintaining  peVfotmance.  In  the  case  of  Ammonium  Penehiorate  (AP)  this  leads  to  a  reduced 
secondary  snv:|ke  level. 

This  paper  presents  a  study  of  a  polyNlMMO  /  GAP-A  /  AP  composition.  It  prettents 
sensitiveness  and  stability  results  of  the  propellant,  in  both  a  cured  and  uncured  state. 
Sensitiveness  results  show  that  while  tlie  formulation  can  be  more  sensitive  to  Impact  and 
friction  in  the  ^ncured  stale  than  a  standard  HTPB  /DOS  /AP  formulation,  once  cured  there  is 
no  significant  diflerencc.  Results  of  work  undertaken  to  reduce  the  sensitiveness  of  the 
prccurc  are  given. 

Ballistic  resuhs  are  given  for  both  burn  rate  and  petfonnanoe  in  small  scale  motors.  These 
show  that  a  high  burn  rate  is  possible  without  the  use  of  ballistic  catalysts  although  their  use  is 
not  precluded.TAs  AP  is  the  oxidiser  alt  the  usual  ballistic  catalysts  can  be  conddered.  Pre.ssure 
exponent  results  are  low  which  will  also  be  advantageous  to  rocket  designers.  Rheological 
data  Over  a  lai  ge  oftenrperalures  show  that,  even  at  these  early  stages,  usable  mechanlcat 
properties  are  ichicvable,  especially  at  low  temperatures,  and  there  is  no  reason  to  believe  that 
these  cannot  be  improved  upon  once  the  cure  system  i$  optimised. 
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Festtreibstoffe  fur  den  Einsatz  in  Unterwassertriebwerken 

H.  P.  Hebekeuser  und  H.  P.  Mackowiak 
Dynamit  Nobel  GmbH  Explosivstoff-  und  Systemtechnik 
D-57299  Burbach-Wuergendorf 

Abstract 

Obwohl  Feststoffraketenmotore  nur  einen  relativ  geringen  rechnerischen  Wirkungsgrad 
gegenOber  konventionellen  Antrieben  aufweisen,  zeigen  sie  doch  deutliche  Vorteile,  nSmlich 

Kostengunstige  und  relativ  einfache  Herstellung 
hohe  Lebensdauer  bei  vollstSndiger  Wartungsfreiheit 
trotz  einfacher  konstruktiver  Auslegung  hohe  Zuverlassigkeit 
hohe  Leistung  bei  kleinem  Bauvolumen 

Feststoffraketenantriebe  eignen  sich  auch  fiir  die  Verwendung  in  UnterwasseriaufkSrpern, 
die  iiber  kurze  Laufstrecken  bei  einmaiiger  Anwendung  eingesetzt  werden  sollen.  Hierzu 
werden  soiche  Festtreibstoffe  benOtigt,  mit  denen  sich  unter  den  besonderen  Anforderungen 
fur  Unterwasserantriebe  ine  mogiichst  hohe  Leistung  erzieien  lalit. 

Im  Rahmen  dieser  Arbeit'  wird  (iber  die  Entwicklung  eines  hexogenhaitigen 
Hochleistungstreibstoffs  berichtet,  der  bei  extrem  hohen  Brennkammerdriicken  auch  noch 
eine  relativ  niedrige  Abbrandrate  besitzt,  so  daB  bei  dessen  Anwendung  auch  relativ  hohe 
Reichweiten  erzieit  werden  kdnnen. 


1.  Einleitung  und  Problemstellung 

Die  Forderung  zu  immer  hdheren  Leistungsdaten  von  Triebwerken  fuhrt  i.a.  standig  zu 
Verbesserungen  der  jeweils  verwendeten  Treibstoffsysteme.  Dies  gilt  insbesondere  fijr 
Festtreibstoffe,  die  fur  die  Anwendung  in  Unterwassertriebwerken  vorgesehen  sind.  Von 
eminennter  Bedeutung  ist  das  Erzieien  einer  sehr  kompakten  Bauweise.  Daher  gehort 
neben  einem  hohen  spezifischen  Impuls  auch  eine  extrem  niedrige  Abbrandrate  bei  relativ 
hohen  BrennkammerdrCicken  zu  den  wichtigsten  Parametern  eines  Festtreibstoffs,  der  fur 
den  Einsatz  in  Unterwassertriebwerken  fCir  Arbeitstiefen  von  moglicherweise  mehreren  100 
m  vorgesehen  ist. 

Im  Gegensatz  zu  Flugkdrpern  ist  bei  Unterwasserantrieben  selbstverstandlich  auch  noch 
deren  Auftrieb  (Wasserverdrangung)  zu  berucksichtigen,  der  die  Gesamtauslegung  eines 
Unterwasserlaufkorpers  stark  beeinflussen  kann. 

Hohe  Leistung,  d.h.  ein  hoher  spezifischer  Impuls  ist  verstandlicherweise  auch  nur  mit 
einem  hochenergetischen  Treibstoff  erzielbar.  Soiche  Treibstoffe  besitzen  in  der  Regel  eine 
gunstige  Sauerstoffbilanz  und  liefern  daher  -  wie  in  nachstehender  Tabelle  1  am  Beispiel 
zweier  energetisch  unterschiedlicher  doppelbasiger  Treibstoffe  gezeigt  wird  -  auch  meist 
relativ  hohe  Verbrennungstemperaturen. 


'  Hierbei  handelt  es  sich  urn  Teilergebnisse  einer  vom  BWB  WF  14  finanzierten  Studie,  die  gemeinsam  mit 
dem  ICT,  Berghausen  und  der  Firma  IMS,  Bonn  bearbeitet  wird. 
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Tabelle  1:  Kenndaten  zweier  energetisch  unterschiedlicher  doppellbasiger  Treibstoffe 


DBE  D7150 

DBG  D731 

Sauerstoffbilanz 

r%  0,1 

-32,5 

-45,9 

mittl.  Verbr.  Temperatur 

msm 

2680 

2018 

m 

2400 

2130 

Explosionswarme 

[J/9l 

4058 

3392 

Der  Leistungsgewinn  fuhrt  dann  jedoch  zu  einem  fur  den  hier  behandelten  Einsatzzweck 
unerwunschten  Anstieg  der  Abbrandrate,  wie  in  der  nachstehenden  Grafik  gezeigt  wird. 


Abbrandgeschw.  als  Funktion  des  Brennkammerdruckes 
bei  20“C 


Brennkammerdruck  [Bar] 
|»DBG  D731/81-II  mOBE  D7150| 


Die  Forderung  nach  einem  Hochleistungstreibstoff  mit  extrem  niedriger  Abbrandrate  bei 
hohen  Brennkammerdrucken  erscheint  daher  zunachst  kontrar. 

Fur  den  Einsatz  in  einem  speziellen  Unterwassertriebwerk  wurde  ein  Treibstoff  benotigt,  mit 
dem  sich  ein  geratespezifischer  Impuls  von  etwa  2200  Ns/kg  erzielen  lalJt,  d.h.  unter  der 
Vorraussetzung  eines  Wirkungsgrades  von  ti  =  0,88  wird  min.  ein  theoretischer 
spezifischer  Impuls  von  2500  Ns/kg  gefordert.  Die  Abbrandgeschwindigkeit  soil  bei  einem 
Brennkammerdruck  von  20  bis  25  MPa  nur  maximal  10  mm/s  betragen. 

Beide  oben  aufgefCihrten  doppelbasigen  Treibstoffe  sind  daher  verstandlicherweise 
aufgrund  des  spezifischen  Anforderungsprofils  nicht  geeignet. 
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2.  Probleml5sung 

Bereits  frCiher  in  einem  anderen  Zusammenhang  durchgefuhrte  Versuche  haben  gezeigt, 
dal3  der  spezifische  Impuls  hexogenhaltiger  Festtreibstofformulierungen  durch 
Ammoniumperchloratzusatz  verbessert  warden  kann,  ohne  da(3  die  Abbrandrate  dadurch 
wesentlich  beeinfluUt  wird,  wenn  eine  bestimmte  Kornzusammensetzung  gewahit  wird. 

Wir  haben  daher  zur  Erfullung  der  oben  genannten  Forderungen  ein  Treibstoffsystem 
basierend  auf  Hexogen  und  Ammoniumperchlorat  mit  einem  zweikomponentigen 
Bindemittel  auf  Polybutadienbasis  gewahit  und  verschiedene  Formulierungen  untersucht,  in 
denen  nicht  nur  die  Zusammensetzung  sondern  auch  die  KorngroUenverteilung  variiert 
wurde.  Insbesondere  haben  wir  im  Rahmen  einer  umfangreichen  MeUreihe  die  Auswirkung 
des  Ammoniumperchloratzusatzes  auf  die  Abbrandgeschwindigkeit  r(2oo)  (bei  t  =  20°C) 
naher  untersucht.  Einige  Teilergebnisse  sind  in  der  Tabelle  2  aufgefuhrt  und  in  der 
nachstehenden  Grafik  visualisiert. 

Tabelle  2:  Abbrandgeschwindigkeit  in  Abhangigkeit  vom  AP/RDX-Verhaltnis 


AP:  RDX 

rf2oo> 

1 

5, 1:1,0"' 

12,42mm/s 

2 

5,1: 1,0"' 

9,68  mm/s 

3 

5, 1:1,0°* 

19,66  mm/s 

4 

3, 0:1,0°' 

16,0  mm/s 

5 

5,0: 1,0"' 

8,68  mm/s 

6 

5, 1:1,0" 

9,64  mm/s 

Fein-  zu  Grobkornverhaitnis  AP  =  1:6;  dto,  jedoch  1:13;  dlo.  jedoch  1:3; dto.  jedoch  1:7;  wie 
jedoch  mit  zusatzlichem  Weichmacheranteil, ohne  Feinkomanteil. 


Abbrandgeschw.  als  Funktion  des  Feinkornanteils  im  AP 


(bei  P  =  200  Bar) 


Feinkomanteil  [%] 
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AuBerdem  haben  wir  den  spezifischen  Impuls  verschiedener  Formulierungen  mit 
unterschiedlichem  AP-Gehalt  (fur  eine  Entspannung  von  200:1)  berechnet.  Er  ist  in  der 
nachstehenden  Grafik  als  Funktion  des  AP-Gehalts  (bei  konstant  gehaltenem 
Gesamtfeststoffanteil)  dargestellt. 


theoret.  spez.  Impuls  (frozen)  als  Funktion  des  AP-Gehaltes 


Es  ist  ersichtlich,  da(J  ein  theoretischer  spezifischer  Impuls  oberhalb  2500  Ns/kg  nur  dann 
erzielbar  ist,  wenn  die  Formulierung  mindestens  50  %,  optimal  jedoch  etwa  70% 
Ammoniumperchlorat  enthalt.  Die  gunstigsten  Abbrandgeschwindigkeiten  bei  200  bar 
Fremdgasdruck  warden  erhalten,  wenn  im  eingesetzten  Ammoniumperchlorat  das 
Verhaltnis  Fein-  zu  Grobkorn  etwa  1:13  betragt,  und  der  Weichmacheranteil  geringfugig 
erhdht  wird. 


3.  Charakterisierung  des  fur  den  speziellen  Einsatzzweck  entwickelten 
Treibstoffs  „Schubertif‘^ 

In  den  nachfolgenden  Tabellen  und  Grafiken  sind  die  Thermodynamischen  Leistungsdaten, 
die  Abbrandcharakteristik  in  der  Crawford-Bombe  und  in  der  Normbrennkammer  sowie 
einige  der  im  anwendungsnahen  MalSstab  auf  dem  Raketenprufstand  ermittelten 
Leistungsdaten  aufgefuhrt. 


^  DieserTreibstoff,  derim  nachfolgenden  „Sc/?dt>erffl“genannt  wird,  wurde  Herrn  Prof.  Dr.  H.  Schubert,  ICT, 
anlSBIich  seines  70.  Geburtstags  gewidmet 

Schutzvermerk  nach  DIN34  beachten 
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3.1  Thermodynamische  Leistungsdaten 


Entspannung  70:1 

-24,4 

-24,4 

Bildungsenthalpie  (kJ/100g) 

-195,13 

-195,13 

Brennkammertemperatur  (K) 

2828 

2846 

Dusenaustrittstemp.  (K) 

1223 

979 

2376 

2546 

charakt.  Geschwindigkeit  (m/s) 

1502 

1504 

K  =  Cd/Cv 

1,27 

1,29 

mittl.  Molmasse  der  Gase  (g/mol) 

24,3 

24,3 

Molzahl  der  Gase 

4,11 

4,10 

BEBmaESimssmmm 

4188 

3343 

Gasvolumen,  normal  (L/Kq) 

667 

663 

3.2  Abbrandcharakteristik 

3.2.1  Untersuchung  in  der  Crawford-Bombe 

Schubertit 


Erprobung  in  Crawford-Bombe 


Druck  [bar] 

[««"r(mm/s)  +21°C  <»r(mm/s)  +50°C  »»r(mm/s)  -40°C| 
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3.2.2  Erprobung  in  der  Normbrennkammer 

Schubertit 

Erprobung  in  NBK  799 


Druck  [bar] 


(~r(mm/s)+2i^C  •l•l•r(mmte)  +50°C  •<i‘r(mm/s)  -40°C 

Schubertit 

Erprobung  in  NBK  799 


200  300  400  500  600  700  800  900  1000 

Klemmung  Ka 

|-«-Pm  (bar)+2rc  —Pm  (bar)  +50°C  •■•Pm  (bar)  -40  ^ 


Schutzvermerk  nach  DIN34  beachten 
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3.2.3  Erprobung  im  anwendungsnahen  Maftstab  (Raketentriebwerk  mit 
Sterninnenbrenner) 


Erprobung  im  Raketentriebwerk 

sterninnenbrenner  Erpr.  bei21°C 


100  150  200  250  300  350 

Druck  [bar] 


praktisch  enzielte  Leistungsdaten: 


phys.  GrSlie 

Wert 

mittl.  Druck 

190  bar 

max.  Druck 

303  bar 

spez.  Impuls 

2324  Ns/kg 

Abbr.  geschw. 

8,5  mm/s 

4.  Zusammenfassung 

Obwohl  die  Forderung  nach  einem  Hochleistungstreibstoff  mit  extrem  niedriger 
Abbrandrate  zunachst  kontrar  erschien,  konnte  sowohl  durch  KorngroUenvariation  als  auch 
durch  Variation  der  Zusammensetzung  einer  Mischung  aus  Ammoniumperchlorat  und 
Hexogen  ein  Treibstoff  -  Schubertit  genannt  -  entwickelt  werden,  der  bei  einem  mittleren 
Brennkammerdruck  von  190  bar  einen  praktischen  spezifischen  Impuls  von  2324  Ns/kg 
iiefert.  Auch  liegt  dessen  Abbrandgeschwindigkeit  unterhalb  des  geforderten  Wertes  von  10 
mm/s.  Es  steht  damit  ein  neuer  Festtreibstoff  fur  vieifaitige  Aufgaben  fur 
Unterwasserantriebe  zur  Verfugung. 


Schutzvermerk  nach  DIN34  beachten 
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ABSTRACT 

The  Continuous  Processing  of  Composite  Propellants  (CPOCP)  project  is  a  collaborative 
research  and  development  effort  between  the  U.S.  Department  of  Defense  and  the  French 
Department  of  Defence,  respectively  represented  by  IHDIV,  NSWC  and  SNPE.  The  initial 
project,  which  began  in  September  1994,  is  nearly  complete  and  has  resulted  in  the  development 
of  common  technologies  and  processes  for  continuously  manufacturing  both  extruded  and  cast 
composite  propellants. 

The  technical  approach  for  the  project  divided  the  major  tasks  between  the  U.S.  and 
France  so  that  each  country  could  brings  it's  expertise  to  bear  on  a  focused  part  of  the  overall 
effort.  France  had  the  lead  on  the  advancement  of  state-of-the-art  liquid  and  solid  feed  systems. 
The  U.S.  had  the  lead  on  the  development  and  redefinition  of  state-of-the-art  on-line  quality 
control  equipment  and  integration  of  that  equipment  into  the  overall  control  system  for  the 
process. 

Both  countries  have  continued  to  operate  and  upgrade  their  own  process  development 
scale  facilities  which  are  capable  of  manufacturing  rocket  motors  using  a  co-rotating  twin  screw 
mixer/extruder.  The  French  team  has  demonstrated  the  successful  mixing,  deaeration  and 
continuous  casting  of  their  chosen  cast  composite  formulation.  The  American  team  has 
demonstrated  the  successful  mixing,  deaeration  and  extrusion  of  extruded  composite  propellant 
without  the  use  of  solvents  which  are  required  for  conventional  batch  processing.  Finally,  these 
demonstrations  have  led  to  full  operational  tests  of  each  facility  to  manufacture  rocket  motors. 
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The  presentation,  given  jointly  by  American  and  French  participants,  will  include  a 
description  of  each  of  the  two  process  development  facilities  and  the  accomplishments  of  the 
project  including  the  results  of  the  rocket  motor  static  testing. 

INTRODUCTION 

The  Continuous  Processing  of  Composite  Propellants  Project  (CPOCP)  is  an  international 
cooperative  research  and  development  effort,  between  France  and  the  United  States,  to  develop 
the  technology  to  continuously  process  solid  rocket  propellants.  This  project  is  governed  by  a 
bilateral  Memorandum  of  Agreement  (MOA),  signed  in  May  of  1 994.  The  official  project  start 
date  was  September  1,  1994  and  it  was  originally  scheduled  to  last  36  months.  Due  to  technical 
challenges,  the  project  was  extended  nine  months.  The  total  cost  of  the  project  is  split  evenly 
between  the  U.S.  and  France. 

The  major  objectives  of  this  project  are  to  develop  continuous  processing  technology  to 
manufacture  both  extruded  and  cast  composite  propellants  and  to  agree  on  common  standards  for 
the  design  of  continuous  processing  equipment  for  the  production  of  these  types  of  propellants 
The  continuous  process  is  applicable  to  a  wide  variety  of  cast  and  extruded  motors  ranging  in 
size  from  small  unguided  rockets  and  tactical  missile  motors  to  strategic  booster  motors. 
Composite  propellants  were  chosen  as  the  focus  of  this  project  for  two  reasons:  1)  these  types  of 
propellants  are  of  interest  to  both  France  and  the  United  States;  and  2)  composite  propellants  are 
the  most  complicated  energetic  materials  to  process  in  a  continuous  manner  because  of  multiple 
feed  stream  requirements,  accuracy  requirements  of  the  formulation  in  order  to  meet  the 
propellant  specifications  (bum  rate,  mechanical  properties,  etc.),  moisture  sensitivity,  and 
processing  vacuum  requirements.  This  project  is  specifically  directed  towards  the  development 
of  the  processing  technology  for  composite  propellants,  however,  the  processing  technology  is 
directly  applicable  to  PBX  explosives,  gun  ammunition  and  pyrotechnics. 

The  management  organization  for  the  CPOCP  project  includes  both  a  Steering  Group  and 
a  Project  Manger  appointed  by  each  country.  The  responsibility  of  the  Steering  Group  is  to 
provide  executive  level  oversight  of  the  project  and  to  devise  solutions  to  any  issues  identified 
and  unresolved  by  the  Project  Managers.  The  Project  Managers  are  responsible  for  the 
management  and  execution  of  the  technical  portions  of  the  project  as  well  as  effective 
Implementation  of  the  project  in  accordance  with  the  MOA. 

Previous  experience  in  the  field  of  continuous  processing  of  energetic  materials  has 
revealed  two  deficient  areas  which  must  be  improved  to  achieve  a  truly  effective  and  viable 
continuous  process  for  the  production  of  energetic  materials.  The  first  area  of  focus  is  the 
accurate  metering  of  solid  and  liquid  ingredients  to  the  continuous  processor.  The  second  area  of 
focus  is  the  real  time  analysis  and  monitoring  of  the  quality  of  the  final  product  and  using  that 
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information  to  control  the  process.  The  scope  of  work  for  the  CPOCP  project  was  defined  to 
specifically  address  these  two  areas  while  developing  improved  mixing  and  casting  or  extruding 
technology  to  continuously  manufacture  composite  propellants.  The  two  countries  have  worked 
Jointly  to  improve  the  state-of-the-art  ingredient  feed  systems,  develop  on-line  quality  analysis 
and  process  control  technologies,  and  advance  the  understanding  of  the  process/quality/safety 
relationships  in  a  twin  screw  mixer/extruder.  The  technology  developed  has  been  demonstrated 
through  the  testing  of  propellants  and  will  ultimately  be  demonstrated  through  the  testing  of 
rocket  motors  manufactured  by  the  continuous  process. 

The  technical  approach  for  the  project  divides  the  major  tasks  between  the  U.S.  and 
France  so  that  each  country  brings  its  expertise  to  bear  on  a  focused  part  of  the  overall  effort. 
France  has  the  lead  for  the  advancement  of  state-of-the-art  liquid  and  solid  feed  systems  while 
the  U.S.  leads  the  development  of  state-of-the-art  on-line  quality  analysis  equipment  and 
integration  of  that  equipment  into  the  overall  control  system  for  the  process.  Both  countries  have 
continued  to  operate  and  upgrade  their  own  pilot  scale  prototype  facilities  for  both  cast  and 
extruded  composite  propellants.  France  has  concentrated  on  the  development  of  improved 
mixing  and  casting  technology  for  cast  composite  propellants  while  the  U.S.  has  concentrated  on 
mixing  and  extrusion  of  extruded  composite  propellants.  Both  countries  have  conducted  fiill 
operational  tests  of  their  facility  to  manufacture  rocket  motors  for  testing  and  will  Jointly  prepare 
a  final  technical  report  summarizing  the  experiments  that  have  been  conducted,  results,  and 
recommendations  for  the  design  and  operation  of  continuous  processing  equipment.  The  overall 
success  of  the  project  will  be  measured  by  small  scale  propellant  quality  tests  and  static  testing  of 
the  rocket  motors  manufactured  by  continuous  methods. 

FRENCH  PROJECT  ACCOMPLISHMENTS 

The  continuous  processing  facility  at  SNPE.  Saint  Mcdard  en  Jalles 

The  CPOCP  studies  are  conducted  in  Saint-Mddard  plant  in  a  development  facility  focused  on 
continuous  processing.  The  facility  is  able  to  process  the  all  energetic  materials  handled  at  SNPE  ; 
solvent  single,  double  and  triple  base,  solventless  double  base,  composite  propellant,  PBX, 
composite  gun  powders. 

The  facility  itself  is  organized  around  a  co-rotating  self  wiping  twin  screw  mixer  extruder  built  on 
CLEXTRAL  design  (French  company). 

The  extruder  is  an  85  mm  diameter  equipped  with  cantilever  screws,  L/D  =  16  .It  is  exhibiting  five 
different  heating/cooling  zones  :  die,  screws,  and  three  zones  on  the  barrel.  The  banrel  is  a  crocodile 
type  opening  barrel  allowing  a  perfect  cleaning  of  the  whole  screws.  The  mixer  extruder  is 
hydraulically  powered  showing  a  range  of  rotation  speed  from  0  to  50  rpm.  It  is  able  to  work  under 
vacuum  and  exhibit  two  different  solid  feed  ports  and  five  different  liquid  feed  ports. 

The  chosen  formulation  for  the  CPOCP  project  is  a  castable  HTPB  based  propellant  filled  with  a 
bimodal  distribution  of  ammonium  perchlorate  (68%  in  mass)  and  aluminium  (18%  in  mass).  The 
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formulation  has  been  split  in  three  chemically  stable  components  called  :  oxydizer,  binder  and 
curing  agent.  These  three  components  are  continuously  fed  by  two  liquid  feeders  and  one  solid 
weighing  feeder.  Because  of  the  sensitivity  of  loss  in  weight  feeders  to  refill  operations  that  occur 
frequently  in  a  continuous  process,  the  solid  feeder  is  a  specific  device  showing  no  sensitivity  to 
refill.  Moreover  in  order  to  minimize  the  mechanical  agressions  on  ammonium  perchlorate  it  is 
equipped  with  vibrating  trays. 

The  total  throughput  has  been  set  to  60  kg/h  (120  Ibs/h)  of  composite  propellant.  The  facility 
allows  eight  hours  long  live  runs,  with  help  of  two  refill  systems  for  binder  and  oxidizer.  In  this 
case  the  shop  is  equipped  with  a  specific  propellant  conveyor  used  to  match  with  safety 
requirements. 

During  extrusion  it  is  possible  to  regularly  take  samples  and  to  cast  rocket  motors.  These  jobs  are 
realised  using  a  specific  three  ways  valve  located  at  the  nozzle  of  the  extruder.  Connected  to  the 
three  ways  valve  SNPE  have  developed  two  different  devices  used  to  cast  the  rocket  motors  under 
vacuum. 


Figure  1 :  industrial  scale  pilot  plant 


French  CPOCP  Team 


The  French  portion  of  the  project  is  managed  by  the  R  and  D  department  of  SNPE  with 
control  of  the  French  Ministry  of  Defence. 
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PROJECT  ACCOMPLISHMENT 


Since  the  beginning  of  the  project  (September  1994),  the  French  team  has  focused  on  the 
following  areas : 

Design  of  the  screw  profile  and  choice  of  the  running  parameters. 

Design  of  the  propellant  stream  from  extruder  nozzle  to  casting  device. 

Split  of  the  propellant  formulation  in  several  chemically  stable  components. 

Calibration  and  measurement  of  the  feeders  accuracy  . 

Improvement  of  the  quality  control  system  based  on  residence  time  distribution  principle 
(RTD)  and  on  I.R  spectroscopy. 

Mathematical  design  of  dies,  screws  ... 

Design  of  experiment  on  the  formulation  parameters  (live  propellant). 

Live  casting  of  rocket  motors 

Common  IHDiv  /  SNPE  live  trials  in  the  SNPE  facility. 

Development  of  a  continuous  to  batch  filling  of  rocket  motors 
Only  few  items  will  be  described  in  this  paper,  we  will  particularly  focuse  on 
Live  manufacturing  of  rocket  motors  and  fire  testings 
I.R  spectroscopy  as  a  method  for  quality  control 
Mathematical  modelling  of  processes 


11  Live  manufacturing  of  rocket  motors  and  fire  testings. 
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Several  runs  have  been  done  in  order  to  manufacture,  live  Baria  rocket  motors.  The  Baria  rocket 
motor  are  used  as  control  motor  for  Arlane  V  propellant,  and  are  able  to  be  manufactured  either 
with  batch  or  continuous  process. 

Three  kinds  of  live  Baria  motors  have  been  manufactured  with  the  same  raw  materials  but  with 
three  different  process  : 

■=>  Classical  batch  process  with  an  horizontal  mixer  and  a  vacuum 
casting  of  the  propellant. 

■=>  Lab  scale  continuous  process  with  the  SNPE  Research  Center  twin 
screw  extruder  and  a  «  Lazy  Suzan  »  casting  of  the  propellant. 

Industrial  scale  continuous  process  with  SNPE  Saint-Medard  plant 
twin  screw  extruder  and  a  «  Lazy  Suzan  »  casting  of  the  propellant. 

The  lab  scale  twin  screw  extruder,  is  located  in  the  SNPE  Research  Center  in  Le  Bouchet,  it  is  a 
Clextral  BC45  specifically  designed  for  Energetic  applications  wich  exhibit  a  0  55  mm  diameter 
screws  with  cantilever  shafts.  The  total  mass  flow  used  during  the  manufacture  of  the  Baria  rocket 
motors  is  10  kg/h  (20  Ibs/h). 

The  SNPE  industrial  scale  twin  screw  extruder  is  a  0  85  mm  diameter  screws  with  cantilever 
shafts.  The  total  mass  flow  used  during  the  manufacture  of  the  Baria  rocket  motors  is  60  kg/h  (120 
Ibs/h). 

During  each  manufacturing  runs  some  samples  have  been  recovered  to  check  the  denstity,  and 
the  mechanical  properties  of  the  propellant.  Fire  testings  have  been  done  with  several  rocket  motors 
coming  from  each  process. 


Running  Parameters  of  frie  extruder 


■'■■■■  Vaccum 
- Torque 


Time 


The  average  burning  rate  and  the  standard  deviation  recorded  for  each  manufacturing  are  listed 
in  the  following  table. 
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Tableji°^j^urning£ateresul^ 


Process 

Burning  rate,  mm/s 

(13  MPa) 

Standard  deviation 

Batch  process 

10,47 

0,08 

Lab  scale  Continuous 

10,58 

0,1 

Industrial  scale  Continuous 

10,37 

0,12 

Average  value  for  all 
processes 

10,45 

0,14 

As  it  can  be  seen  the  results  of  each  processes  are  in  a  quiet  good  agreement,  with  low  variations 
of  the  burning  rate. 

Such  results  make  the  continuous  processing  of  continuous  propellant  a  trully  industrial  process. 
It  is  also  interesting  to  note  that  the  scale  up  of  processes  has  been  done  from  a  lab  scale  machine  to 
an  industrial  machine. 


21 1.R  spectroscopy  as  a  method  for  quality  control 

Chemometric  treatment  of  mid-infrared  spectrometry  data  of  propellants  has  been  investigated  as 
a  method  for  quality  control. 


2.1)  Description  of  propellants  standards  set 

The  first  step  in  the  definition  of  chemometric  models  is  the  elaboration  of  the  calibration  matrix 
with  given  well  known  propellants.  In  this  study,  we  have  modified  the  original  formulation  in 
order  to  test  the  accuracy  of  the  l.R  methodology. 

Just  like  in  the  D.O.E  on  formulation  parameters  we  have  modified  the  filler/binder  ratio  (+/-  2% 
of  filler  content),  and  the  size  distribution  of  the  filler  +/-  7%  on  the  fine  granulometry. 


2.2)  Description  of  analysis  method 

The  analytical  technique  is  Fourier  Transform  Infrared  spectrometry  (FTIR),  in  mid 
wavenumbers  region.  Two  types  of  analysis  method  have  been  evaluated  : 

Horizontal  Attenuated  Total  Reflexion  Analysis  (HATR),  for  macroscopic  observations  using  a 
ZnSe  crystal  with  multi  reflexions.  The  analysis  area  is  7  cm2  and  the  depth  of  analysis  is  10pm 

Micro  ATR  analysis,  for  microscopic  observations  using  a  diamond  crystal,  with  single¬ 
reflexion.  The  analysis  area  is  50  to  100  p’  and  the  depth  of  penetration  <  10  p. 
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2.3)  Description  of  chemometric  algorithms 

Spectral  data  are  treated  by  Chemometric  techniques.  Two  types  of  algorithm  have  been 
evaluated  :  Discriminant  analysis  and  PLS 

2.3.1  Discriminant  Analysis  algorithm 

It  is  a  Spectral  Classification  algorithm.  The  calibrated  model  determine  the  known  samples 
class  which  is  nearest  from  an  unknown  sample.  It  is  a  qualitative  analysis  based  on  similarity  with 
known  samples,  rather  than  quantitative  measures.  A  distance  between  unknown  sample  and 
nearest  class  is  calculated  :  this  is  Mahalanobis  distance.  Lower  is  the  distance,  better  is  the 
similarity. 

In  our  application.  Discriminant  Analysis  model  is  calibrated  with  5  standard-class  : 

•  class  68/12  (b=53  -  f=15)  O  nominal  composition 

•  class  70/10  (b=60-fr=10) 

•  class  70/10  (b=50-fr=20) 

•  class  66/14  (b=47  -  f=19) 

•  class  66/14  (b=56-f=10) 

2.3.2  -  PLS  algorithm 

It  is  a  statistical  approach  for  quantitative  analysis,  based  on  the  Partial  Least  Square  algorithm. 

a)  It  determines  spectral  area,  which  are  varying  statistica  lly  as  a  fimction  of  components 

concentrations. 

b)  It  develops  a  calibration  method,  using  Beer’s  Law  : 

I  Abs  i  =  K  I  X  I  Cone.  | 

Absorbance  matrix  / 

I 

Molar  absortivity  matrix  Component  concentrations  matrix 

c)  It  predicts  concentration  values  of  unknown  samples. 

In  our  application,  two  PLS  models  have  been  elaborated  : 

-  one,  based  on  a  calibration  matrix  of : 

.  binder  concentration  in  a  calibration  space  of  10  to  14%  and 
.  fillers  concentration  in  a  calibration  space  of  66  to  70% 

-  the  other,  based  on  a  calibration  matrix  of  size  particles  distribution  of  fillers,  only  for 
macroscopic  spectral  data,  in  a  calibration  space  of : 

.  53.4  to  60%  for  large  sizes 

.  10  to  20%  for  fine  size 
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2.4)  Validation  procedures 

Validation  procedures  test  each  model.  They  allow  us  to  know  performances  and  limits  of  each 
elaborated  model. 


2.4.1)  Validation  procedure  for  Discriminant  Analysis  model  (D.A.) 

The  indicator  for  a  good  discrimination  in  a  D.A.  model  is  the  Mahalanobis  distance  of  each 
standard  in  its  own  class  and  face  to  the  other  reported  classes,  with  a  fixed  discrimination 
threshold  of  «  d  (other  classes)  >  3D  (standard  classes)  ».  Results  of  our  D.A.  models  are  given  in 
the  table  n°  1 . 


Table  n°  2  -  D.A.  models  of  ATR  spectra  and  MICRO-ATR  spectra. 


Class 

MAHALANOBIS  DISTANCE  AVERAGE 

ATR  ALT 

standard 

0.2 

0.17 

Next 

0.52 

0.4 

70/10(60.10) 

0.74 

0.85 

70/10  (50.20) 

1.2 

0.64 

68/12(53.15) 

1.0 

0.55 

66/14(47.19) 

0.66 

0.66 

66/14(56.10) 

0.8 

0.46 

We  can  deduce,  from  these  values,  that  D.A.  models  are  discriminant  enough  for  the  5  defined 
classes. 

2.4.2)  Validation  procedures  for  PLS  models 

Two  types  of  validation  test  allow  us  to  validate  PLS  models  : 

•  Diagnostic  tests  help  us  to  optimise  parameters  during  elaboration  of  the  method  ;  the 
most  significant  are  statistical  spectra  (variance  and  correlation  spectra)  Press  test  and 
Outliers  diagnostic. 

•  Cross-validation  test  quantifies  each  calibration  standard  if  it  were  a  validation  one,  by  : 

-  sequentially  removing  a  standard  from  calibration  set 

-  calibrating  the  new  method 

-  quantifying  removed  standard  with  the  new  method 
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Cross  validation  results  of  each  PLS  model,  at  macroscopic  and  microscopic  scale,  give 
following  accuracy  and  dispersion  relative  values  ; 

•  0,8  %  for  fillers  concentration  matrix 

•  2%  for  large  and  medium  size  particles  distribution  of  fillers 


2.5)  Conclusion 

Chemometric  techniques,  coupled  with  IR  spectral  data,  are  performing  methods  to  control 
propellant  process,  as  well  at  macroscopic  as  at  microscopic  scale.  However,  we  can  notice  some 
limits  for  PLS  methods  : 

*l>Low  accuracy  on  binder  concentration  prediction  ,  because  of  its  low  rate  face  to  fillers  rate  or 
a  too  large  calibration. 

'5>Bad  accuracy  on  fine  particles  distribution  prediction  ,  at  macroscopic  scale,  and  no  method  at 
microscopic  scale,  because  of  low  correlation  between  spectral  and  particles  distribution 
informations. 


31  Mathematical  modelling 

Some  years  ago  it  appeared  mandatory  to  SNPE  to  develop  Mathematical  simulation  of 
processes  operations,  in  order  to  reduce  development  cost  by  decreasing  the  number  of  trials. 

This  has  specially  been  done  during  the  CPOCP  project.  Four  different  mathematical  tools  have 
been  employed  to  design  :  the  screw  profile,  the  extruder  die,  and  the  casting  tools.  It  can  be  said 
today  that  mathematical  modeling  of  processes  had  been  of  great  help  to  reach  the  goals. 

The  design  of  the  screw  profile  has  been  done  using  LUDOVIC  software.  This  sofware  created 
developped  by  CEMEF  Sophia  Antipolis  has  been  used  to  design  the  proper  screw  configuration 
(conveying  elements,  number  of  mixing  paddies  etc...).  It  has  also  been  used  to  choose  the  screw 
rotation  speed  with  regards  to  the  total  throughput  and  to  the  degree  of  fill  of  the  desaeration 
chamber. 

Moreover,  the  quality  of  mixing  has  been  evaluated  using  the  Residence  Time  Distribution  of 
the  different  screw  profiles  and  a  specific  SNPE-CERILOG  sofware  called  ECLIPSE. 

The  die  or  extruder  nozzle  has  also  been  mathematically  designed  using  the  RHEOTEK  software 
POLY  3D  (see  figure  n°2).  This  sofware  used  by  SNPE  since  1992,  had  been  applied  to  the 
extruder  nozzle  in  order  to  calculate  the  pressure  drop,  and  to  eliminate  all  the  dead  spots  in  the 
stream. 

Last,  the  whole  casting  device  has  been  designed  using  PROCOP  F2D,  as  a  tool  for  evaluating 
pressure  drops  with  highly  viscous  fluid. 
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Figure  2  :  Extruder  nozzle  of  the  Clextral  BC  72 
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US  PROJECT  ACCOMPLISHMENTS 

The  emphasis  of  the  U.S.  team  is  on  the  mixing  and  extrusion  of  extruded  composite 
propellants  as  well  as  the  development  of  on-line,  real  time  quality  analysis  and  monitoring 
techniques.  The  overall  success  of  the  project  will  be  measured  by  small  scale  propellant  quality 
tests  and  static  firing  of  rocket  motors  manufactured  by  the  continuous  process.  These  tests  will 
determine  the  merits  of  the  continuous  process.  An  extruded  composite  propellant  formulation 
for  the  2.75  inch  rocket  motor  was  chosen  as  the  test  vehicle  for  the  US  portion  of  the  project. 
This  grain  is  approximately  61.5  mm  (2.42  inch)  in  diameter,  762.0  mm  (30  inch)  in  length  and 
has  a  single  star  shaped  perforation.  The  propellant  formulation  is  an  elastomeric  binder  filled 
with  a  bimodal  distribution  of  ammonium  perchlorate  and  cured  with  an  isocyanate.  The  solids 
loading  is  approximately  86  percent  by  weight. 

The  Continuous  Processing  Facility  at  Indian  Head  Division  is  a  small  scale  facility 
which  is  used  for  process  development  of  both  class  1.1  and  1.3  materials.  The  facility  is 
centered  around  a  Werner  &  Pfleiderer  (W  &  P)  ZSK-40  co-rotating,  fully  intermeshing  twin 
screw  mixer/extruder.  The  extruder  has  six  segmented  barrel  sections  and  three  liquid  injection 
plates  which  can  be  arranged  to  serve  different  ingredient  addition  locations  and  operating 
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requirements.  The  W&P  extruder  is  equipped  with  five  separate  temperature  control  zones  for 
maintaining  process  temperature.  The  facility  has  an  eight  feed  stream  capability.  There  are  four 
loss-in-weight  feeders  for  feeding  solid  materials,  three  volumetric  pumps  for  liquid  metering 
which  use  closed  loop  control  systems  based  on  mass  flow,  and  one  loss-in-weight  liquid  feeder. 
The  product  is  extruded  through  a  die  mounted  in  a  die  holder  at  the  end  of  the  extruder.  A 
variety  of  extrusion  dies  and  take  away  systems  are  available  to  accommodate  different  products. 
The  entire  process  is  controlled  remotely.  A  PC-based  data  acquisition  system  is  utilized  to 
acquire  process  information.  The  facility  has  been  operational  since  July  1988  with  inert  material 
and  May  1990  with  live  material.  Extruded  products,  such  as  Lova  nitramine  gun  propellant,  are 
processed  at  production  rates  of  6.8  to  13.6  kg/hr  (15  to  30  Ib/hr).  The  anticipated  maximum 
throughput  for  highly  solids  loaded  castable  systems  is  approximately  45.5  kg/hr  (100  Ib/hr). 
Highly  solids  filled,  extruded  and  castable  products  have  been  successfully  processed. 

Initially  the  US  team  focused  on  the  following  areas:  developing  methods  of  feeding  the 
polymer  and  other  ingredients  to  the  continuous  processor,  processing  of  inert  propellant  to 
develop  operating  protocols  for  live  propellant,  developing  rheological  measurement  techniques 
and  mathematical  models  to  aid  in  extrusion  die  design,  and  investigating  and  selecting 
promising  real  time,  on-line  analytical  techniques.  More  recently,  the  US  team  focused  on  using 
mathematical  models  to  design  an  extrusion  die  followed  by  the  fabrication  and  testing  of  that 
die;  optimizing  the  processing  of  live  propellant;  and  developing  near  infrared  spectroscopy  as 
an  on-line  quality  analysis  technique. 

The  collection  of  rheology  data  was  necessary  to  provide  input  to  mathematical  models 
for  extrusion  die  design.  The  rheological  behavior  of  the  extruded  composite  propellant, 
manufactured  by  the  twin  screw  extruder  process  was  characterized.  Under  the  guidance  of  Dr. 
Kalyon  at  HfMI/SIT,  the  capability  to  measure  rheology  data  of  highly  solids  filled  materials 
under  fully  developed  flow  conditions  was  established.  The  shear  viscosity  function  of  the 
formulation  was  characterized  under  systematically  varied  pressure  drop  and  volumetric  flow 
rate  conditions.  A  vertical  ram  extrusion  press  was  used  in  conjunction  with  a  series  of  specially 
designed,  instrumented  and  jacketed  capillary  dies.  These  instrumented  capillary  dies  are  unique 
in  that  they  are  capable  of  directly  measuring  the  propellant  pressure  and  temperature  at  the 
entrance  of  the  capillary.  A  sketch  of  the  die  geometry  is  shown  as  Figure  1.  A  Dynisco 
temperature/pressure  transducer  (TPT)  is  inserted  into  a  mounting  hole  in  the  die.  This  method 
of  directly  measuring  the  temperature  and  pressure  of  the  propellant  during  steady  state  extrusion 
(i.e.  constant  ram  speed  or  pressure)  allows  accurate  rheological  data  to  be  collected. 
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Figure  1 

The  data  collected  under  isothermal  conditions  was  corrected  for  capillary  entrance  and 
exit  effects  as  well  as  deviation  from  Newtonian  behavior.  The  propellant  exhibited  viscoplastic 
behavior.  The  rheology  data  were  fitted  with  a  Herschel-Bulkley  type  viscoplastic  constitutive 
equation  in  the  high  shear  rate  region  (20  -  250  s'').  The  best-fit  of  the  Herschel-Bulkley 
equation  generated  a  yield  stress  of  150,000  Pa,  a  consistency  index  of  31,812  Pa-s®  *,  and  a 
shear  rate  sensitivity  index  (power  law)  of  0.1.  This  equation  was  then  used  as  input  to  a 
mathematical  model. 

A  three-dimensional  finite  element  method  (FEM)  based  source  code,  previously 
developed  at  HfMI/SIT,  was  utilized  to  design  the  internal  profile  of  an  extrusion  die  for  the 
continuous  processing  and  shaping  of  extruded  composite  propellant  using  a  twin  screw  extruder. 
The  die  design  target  was  a  pressure  drop  of  1000  psi  from  the  screw  tips  to  the  die  exit.  This 
pressure  drop  was  chosen  to  ensure  good  weld  line  healing  after  the  propellant  flowed  over  the 
spider  legs  of  the  die.  Collaboration  with  Shear  Tool,  Inc.,  a  die  manufacturer,  and  IHDIV, 
NSWC  yielded  a  final  die  design  that  met  the  requirements  and  could  be  easily  manufactured. 
Initially,  the  die  was  designed  without  consideration  for  wall  slip.  This  propellant  is  known  to 
flow  as  a  plug  and  therefore,  slip  at  the  wall.  An  additional  75  mm  (2.96  inches)  was  added  to 
the  length  of  the  die  land,  increasing  the  total  die  length  to  305  mm  (12  inches),  to  account  for 
wall  slip  and  result  in  an  extrusion  die  that  would  still  yield  an  overall  pressure  drop  of  1000  psi. 
The  actual  pressure  drop  predicted  by  the  model  prior  to  adding  the  75  mm  was  1041  psi  at  a 
throughput  of  50  Ib/lir  and  a  screw  speed  of  85. 

The  first  live  extruded  composite  propellant  extruder  run  conducted  with  the  2.75  inch 
extrusion  die  occurred  in  July  1997.  Since  then  we  have  conducted  six  additional  extruder  runs 
yielding  approximately  500  pounds  of  propellant.  The  actual  average  pressure  drop  measured  at 
a  throughput  of  50  Ib/hr  and  a  screw  speed  of  85  rpm  ranged  from  600  to  650  psi.  The  last 
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extruder  run  was  conducted,  at  those  same  operating  conditions,  to  manufacture  propellant  grains 
for  static  testing.  The  average  pressure  drop  measured  during  this  run  was  630  psi  versus  the 
predicted  pressure  drop  of  1041  psi. 

Investigation  into  the  source  of  error  led  Dr.  Railkar  at  HfMI/SIT  to  discover  that  the 
rheology  data  used  to  design  the  die  was  in  the  high  shear  rate  range  when  actually  low  shear 
rates  are  experienced  in  the  die.  The  rheology  data  in  the  low  shear  rate  region  (1  to  20  s"'),  the 
actual  operating  shear  rate  range,  were  fitted  with  a  Herschel-Bulkley  type  viscoplastic 
constitutive  equation.  The  best-fit  of  the  Herschel-Bulkley  equation  generated  a  yield  stress  of 
107,331  Pa,  a  consistency  index  of  1722  Pa-s  ,  and  a  shear  rate  sensitivity  index  (power  law) 
of  0.2.  This  equation  was  then  used  as  input  to  a  mathematical  model  and  a  pressure  of  630  psi 
was  predicted  for  the  die  without  wall  slip  (the  short  die  without  the  additional  75  mm).  The 
original  model  did  not  have  the  capability  to  incorporate  wall  slip.  However,  incorporating  wall 
slip  with  analytical  methods,  adjusts  the  predicted  pressure  drop  to  750  psi.  This  prediction  is 
within  20%  of  the  observed  pressure.  HfMI/SIT  has  developed  a  new  source  code  which 
incorporates  wall  slip  for  three  dimensional  geometries.  They  are  currently  implementing  this 
source  code  and  anticipate  even  better  agreement  with  the  measured  pressure  drop  fi-om  this  new 
code. 

The  initial  live  extruded  composite  propellant  extruder  runs  revealed  a  variation  in  the 
propellant’s  properties  that  was  unacceptable.  The  first  extruder  run  with  the  2.75”  extrusion  die 
was  conducted  with  constant  parameters  to  define  the  scope  of  the  problem.  The  parameters 
were  as  follows:  throughput  of  50  Ib/hr,  screw  speed  of  55  rpm,  vacuum  level  of  50  mm  Hg, 
mixing  temperature  of  110°F,  and  extrusion  temperature  of  80°F.  Six  propellant  grains  were 
extruded  during  the  course  of  the  1 .5  hour  processing  run.  Each  grain  was  divided  into  three 
sections  and  propellant  samples  were  tested  fi'om  each.  The  resulting  data  was  averaged  and  is 
presented  in  Table  1  along  with  appropriate  statistical  values. 

Table  1 


Density 

g/cc 

Heat  of  Explosion 
cal/g 

Strand  Bum  Rate 
at77°F,  1000  psi 
cm/sec  (in/sec) 

Mean 

1.754 

1380 

Standard  Deviation 

0.004 

34 

Coefficient  of  Variation  (%) 

0.20 

2.46 

4.10 

Minimum  Value 

1.748 

1333 

1.623  (0.639) 

Maximum  Value 

1.760 

1440 

Range 

0.012 

107 
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Not  only  was  there  too  much  variation  in  the  bum  rate  from  grain  to  grain,  the  bum  rate 
was  from  6.4%  to  20%  higher  than  the  typical  bum  rate  obtained  from  batch  mixed  extruded 
composite  propellant  (1.519  cm/sec  or  0.598  in/sec  at  77°F  and  1000  psi).  The  high  bum  rate 
was  not  as  much  of  a  concern  as  the  variability  because  we  knew  we  could  adjust  the  formulation 
to  obtain  the  required  bum  rate. 

The  first  issue  addressed  was  the  feed  rate  accuracy.  Three  solid  feedstreams  and  two 
liquid  feedstreams  were  fed  to  the  extruder  for  the  initial  extrader  runs.  Once  the  bum  rate 
variability  was  discovered,  the  feedstream  scenario  was  evaluated  and  modified.  The  graphite 
coated  HyTemp  binder  was  cryogenically  ground  to  a  smaller  particle  size  and  blended  with  the 
bum  rate  modifier  feedstream.  This  change  decreased  the  feed  rate  variation  of  the  HyTemp 
from  approximately  16%  to  a  feed  rate  variation  of  the  combined  stream  of  less  than  4%.  The 
feed  rate  variation  of  the  AP  preblend  feedstream  was  approximately  2%  which  was  the  best  that 
could  be  achieved.  The  liquid  feed  rate  accuracy  was  satisfactory  all  along. 

A  design  of  experiments  (DOE)  approach  was  then  used  to  solve  the  bum  rate  variability 
problem.  The  goal  of  the  experiment  was  to  understand  what  process  parameter  values  decreased 
the  bum  rate  variability.  The  experimental  design  used  was  a  full  factorial  design  with 
replication.  The  parameters  chosen  for  investigation  were  those  that  we  felt  most  likely  affected 
the  product  variation.  All  other  parameters  were  held  constant  (throughput  of  50  Ib/hr,  vacuum 
level  of  10  mm  Hg,  mixing  temperature  of  110°F,  and  extrusion  temperature  of  80°F).  The 
parameters  (factors)  and  the  values  evaluated  are  presented  in  Table  2. 


Table  2 


Low  Value  (-) 

GMSSSEBnH 

Binder  Mixing  Screw  Configuration  Section 

Normal* 

Intense 

Oxidizer  Mixing  Screw  Configuration  Section 

Normal* 

Intense 

Screw  Speed  (rpm) 

50 

85 

*  The  normal  value  of  each  screw  configuration  section  was  the  design  previously  used  to  make  the  propellant  that 
exhibited  the  variable  properties. 


The  DOE  involved  the  evaluation  of  eight  different  treatment  combinations  of  the  process 
parameters  and  the  replication  of  each  combination  during  the  course  of  four  extruder  trials.  The 
experiment  was  blocked  on  screw  configuration  (i.e.  all  treatment  combinations  involving  one 
complete  screw  design  were  evaluated  during  one  extruder  ran)  because  the  screw  configuration 
could  not  be  changed  during  the  course  of  an  extruder  ran.  One  propellant  grain  was  extruded 
for  each  set  of  processing  conditions.  The  grains  were  cured  for  four  days  at  1 70°F  and  then 
dissected  to  provide  samples  for  laboratory  analysis.  Testing  included  density,  bum  rate  and  heat 
of  explosion. 
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The  analysis  of  the  data  revealed  that,  to  a  95%  confidence  level,  the  process  parameters 
evaluated  do  affect  bum  rate  and  bum  rate  variation.  The  main  factors  which  significantly 
decreased  bum  rate  variation  in  descending  order  of  importance  were:  intense  oxidizer  mixing 
screw  configuration  section,  intense  binder  mixing  screw  configuration,  and  a  screw  speed  of  85 
rpm.  Figures  2, 3  and  4  show  the  decrease  in  bum  rate  variation  for  each  of  these  factors. 


BR3FREP(SiSL&) 

Mato  Effect  tor  APMfaicZoite.  resp.  BRCOVar 


N>16t  R2-0.8483I  R2Ad|-0.7726 

DFelOl  a3>0.6117l  RSO- 2.3881 1  Confl.*v- 0.89 


Figure  3 

Figure  3  shows  a  5.72%  decrease  in  bum  rate  variability  when  the  oxidizer  mixing  screw 
configuration  section  was  changed  from  normal  to  intense  for  all  levels  of  the  remaining  factors. 
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Figure  4 

Figure  4  shows  a  4.45%  decrease  in  bum  rate  variability  when  the  binder  mixing  screw 
configuration  section  was  changed  from  normal  to  intense  for  all  levels  of  the  remaining  factors. 
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Figure  5 

Figure  5  shows  a  3.92%  decrease  in  bum  rate  variability  when  screw  speed  was  changed  from  50 
rpm  to  85  rpm  for  all  levels  of  the  remaining  factors. 

Additionally,  an  interaction  effect  was  discovered  which  significantly  decreased  the  bum 
rate  variation.  The  interaction  plot  for  the  four  different  screw  configuration  sections  is  shown  in 
Figure  6. 
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Figure  6 

This  interaction  is  extremely  important  and  may  not  have  surfaced  during  a  change  one  variable 
at  a  time  experimental  design.  This  plot  shows  that  (at  both  screw  speeds)  when  the  oxidizer 
mixing  screw  configuration  section  and  the  binder  mixing  screw  configuration  section  were  both 
normal,  the  bum  rate  variation  was  the  highest  (15.23%).  The  bum  rate  variation  is  the  lowest 
(5.06%)  when  both  mixing  sections  are  in  the  intense  screw  configuration.  The  effect  of  the 
interaction  of  these  two  factors  on  bum  rate  variability  (10.17%  reduction)  is  greater  than  the 
greatest  effect  (5.72%  reduction)  either  of  these  factors  provide  individually.  Note  that  the 
propellant  which  showed  the  high  degree  of  bum  rate  variability  initially  was  manufactured  with 
the  oxidizer  mixing  section  and  the  binder  mixing  section  in  the  normal  screw  configuration. 
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The  propellant  data  obtained  at  the  optimum  processing  conditions  determined  by  the 
DOE  are  presented  in  Table  3. 

Table  3 


Density 

g/cc 

Heat  of  Explosion 
cal/g 

Strand  Bum  Rate 
at77°F,  1000  psi 
cm/sec  (in/sec) 

Mean 

1.7493 

1375 

Standard  Deviation 

0.0086 

25 

Coefficient  of  Variation  (%) 

0.49 

1.82 

2.84 

Minimum  Value 

1.7335 

1341 

Maximum  Value 

1.7605 

1405 

1.682(0.662) 

0.0270 

65 

The  DOE  determined  the  values  of  the  process  parameters  required  to  achieve  a  38% 
reduction  in  the  bum  rate  standard  deviation,  a  1.26%  reduction  in  the  bum  rate  coefficient  of 
variation  and  approximately  an  1 1%  reduction  in  bum  rate.  An  extrader  trial  was  then  conducted 
to  confirm  these  results  and  to  manufacture  2.75”  extruded  composite  propellant  grains  for  static 
firing.  The  propellant  data  generated  from  the  confirmation  trial  is  presented  in  Table  4.  Only 
one  propellant  sample  was  tested  for  HOE,  so  statistical  data  is  not  available. 


Table  4 


Density 

g/cc 

Heat  of  Explosion 
cal/g 

Strand  Bum  Rate 
at77°F,  1000  psi 
cm/sec  (in/sec) 

Mean 

1.7496 

1395 

1.663  (0.655) 

Standard  Deviation 

0.0052 

N/A 

Coefficient  of  Variation  (%) 

0.30 

N/A 

2.10 

Minimum  Value 

1.7369 

N/A 

1.631  (0.642) 

Maximum  Value 

1.7594 

N/A 

0.0225 

N/A 

This  data  is  acceptable  and  we  are  going  forward  with  testing  the  propellant  grains.  Prior  to 
braiding  the  inhibitor  onto  the  TSE  processed  2.75”  extruded  composite  propellant  grains, 
detailed  measurements  of  the  diameter  and  web  thickness  at  both  ends  of  each  grain  were  taken. 
The  diameter  measurements  revealed  that  the  grains  are  slightly  under  sized  with  the  average 
diameters  ranging  from  59.92  mm  (2.359  inches)  to  60.20  mm  (2.370  inches)  versus  a  desired 
diameter  of  61.47  mm  (2.420  inches).  The  outcome  will  likely  be  a  slightly  lower  impulse 
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during  the  rocket  motor  firing.  This  discrepancy  is  easily  rectified  by  simply  enlarging  the  die  by 
1.78  mm  (0.070  inches).  The  twin  screw  processed  extruded  composite  grains  are  up  to  0.79  mm 
(0.031  inches)  out  of  round.  Typically,  the  batch  processed  grains  are  out  of  round  from  0.25 
mm  (0.010  inches)  to  0.51  mm  (0.020  inches.  This  variation  is  a  moot  point  since  the  inhibitor 
braiding  and  curing  process  modifies  the  grains  so  that  they  are  almost  perfectly  round.  The  web 
thickness  are  also  slightly  low,  as  a  result  of  the  small  diameters,  however  their  variation  is  very 
similar  to  the  web  thickness  variation  measured  from  batch  processed  2.75”  extruded  composite 
propellant  grains.  The  variation  for  both  processes  is  about  0.38  mm  (0.015  inches).  Overall,  the 
twin  screw  processed  2.75”  extruded  composite  propellant  grains  compare  dimensionally  very 
well  to  the  batch  processed  grains. 

Near  infrared  spectroscopy  (NIR)  was  evaluated  as  a  real  time,  on-line  technique  for 
predicting  ballistic  and  physical  properties  of  extruded  composite  propellant  manufactured  on  a 
twin  screw  extruder.  NIR  was  selected  because  the  technology  had  a  high  probability  of  success 
and  of  begin  easily  integrated  into  the  extruder  process.  The  concept  was  to  develop  NIR  models 
capable  of  accurately  predicting  propellant  properties  (primary  measurements)  based  on  NIR 
spectra  (secondary  measurements)  and  then  use  those  m.odels  to  predict  the  propellant’s 
properties  from  the  NIR  spectra  obtained  real  time  during  twin  screw  processing.  Predictive  NIR 
models  allow  the  twin  screw  processing  operator  to  immediately  identify  out  of  specification 
material  (caused  primarily  by  feeder  upsets),  scrap  only  the  out  of  specification  material,  and 
correct  the  problem  with  minimal  loss  of  material  or  operation  time. 

The  approach  taken  to  develop  this  on-line  analytical  tool  was  to  develop  and  validate 
the  NIR  models  using  small  scale  batch  mixes  that  were  extruded  in  a  two  inch  vertical  ram 
press,  transfer  the  NIR  equipment  to  the  twin  screw  extruder,  and  then  refine  those  NIR  models 
with  data  obtained  from  the  twin  screw  process.  The  instrument  that  was  used  was  a  LT 
Industries  Quantum  12001  General  Purpose  Analyzer  equipped  with  a  special  reflectance  probe 
designed  to  interface  with  existing  instrumentation  ports  on  the  extruder  and  also  in  a  set  of  batch 
extrusion  dies.  Prior  to  model  development,  depth  of  penetration  and  probe  fouling  studies  were 
conducted  to  ensure  the  spectra  collected  were  valid. 

Depth  of  penetration  experiments  were  conducted  to  determine  how  deep  the  probe  could 
“see”  into  the  propellant.  In  theory,  as  the  limit  of  the  depth  of  penetration  is  reached,  the 
absorbance  should  stop  changing  as  a  function  of  increasing  sample  thickness.  These 
experiments  showed  that  the  absorbance  at  a  given  wavelength  was  inversely  proportional  to  the 
thickness  of  the  sample  up  to  250  microns.  After  that  thickness,  no  correlation  exists.  This  data 
is  shown  in  Figure  7,  a  graph  of  the  first  derivative  single  wavelength  (1520.5  nm)  correlation. 
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Figure? 

From  this  data,  the  conclusion  was  drawn  that  250  microns  is  the  limit  of  penetration  of  the 
infiared  light  into  the  extruded  composite  propellant.  These  results  are  significant  since  the 
binder  rich  layer  formed  during  the  extrusion  process  is  much  less  than  250  microns,  we  are  sure 
that  the  NIR  is  analyzing  the  bulk  of  the  propellant. 

Another  concern  associated  with  the  plication  of  the  NIR  technology  was  the  extent  to 
which  propellant  could  build  up  on  the  lens  of  the  probe,  thus  fouling  it.  This  effect  would  result 
in  a  &lse  sense  that  the  process  is  at  steady  state  when  in  fact  the  process  could  be  in  an  upset 
condition. 

An  e)q)eriment  was  conducted  where  two  batches  of  extruded  composite  propellant,  each 
a  variation  of  the  baseline  formulation,  were  extruded  using  a  two  inch  vertical  ram  press  and  a 
die  fitted  with  the  NIR  probe.  The  main  variation  between  the  two  batches  was  the  amount  of 
oxidizer  (79%  vs.  89%)  and  the  total  solids  fill  (82.69%  vs.  89.12%).  NIR  spectra  was  collected 
as  propellant  was  extruded.  The  resulting  series  of  spectra,  shown  in  Figure  8,  clearly  show  the 
difference  between  the  two  formulations. 
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The  two  high  solids  spectra  show  higher  absorbance  overall  than  the  two  low  solids  spectra.  The 
spectrum  in  the  middle  is  the  transition  from  the  high  solids  to  the  low  solids  propellant.  Looking 
at  1550  nm  (characteristic  peak  for  the  oxidizer)  also  shows  the  energy  absorbed  is  much  higher 
at  that  wavelength  for  the  high  solids  propellant  and  that  the  energy  absorbed  by  the  propellant 
decreases  with  decreasing  solids  fill.  From  this  data,  the  conclusion  was  drawn  that  the 
propellant  is  not  fouling  the  probe  lens  and  the  instrument  can  detect  composition  variations 
within  a  formulation. 

Once  we  were  convinced  that  the  data  obtained  with  the  NIR  was  valid,  we  developed  the 
predictive  models  by  conducting  a  designed  experiment  varying  the  composition  of  a  series  of 
batch  mixes  of  extruded  composite  propellant;  collecting  spectra  for  these  mixes  as  they  were 
extruded;  testing  each  propellant  mix  for  density,  bum  rate,  heat  of  explosion  (HOE)  and 
mechanical  properties;  and  then  correlating  the  spectral  data  with  the  tested  properties.  The 
composition  was  varied  for  this  experiment  over  a  range  that  exceeded  anticipated  feedstream 
feed  rate  variations  in  the  extruder.  The  predictive  models  were  developed  from  all  of  the  data 
and  we  found  that  the  spectral  data  did  correlate  with  the  propellant  density,  bum  rate  and  HOE 
data.  Two  validation  batches  were  subsequently  mixed  and  the  models  were  used  to  predict  the 
density,  bum  rate  and  HOE  of  these  mixes.  The  model  for  density  yielded  the  best  results.  Figure 
9  shows  measured  versus  predicted  propellant  properties  for  the  validation  mixes. 
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Figure  9 

The  best  models  developed  for  all  three  properties  used  principle  components  regression 
(PCR)  analysis.  For  density,  the  first  derivative  absorbance  data  was  used.  Also  the  Kubleka- 
Monk  (K-M)  correction  was  applied.  The  K-M  correction  is  used  to  correct  for  light  scattering 
that  occurs  with  certain  materials  being  scanned.  The  log(l/T)  absorbance  data  was  used  for  the 
bum  rate  and  HOE  models.  The  K-M  correction  did  not  improve  the  accuracy  of  the  models  for 
these  two  properties  and  was  not  applied.  The  density  and  HOE  models  predicted  accurately. 
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the  bum  rate  model  consistently  predicted  higher  bum  rates  than  the  measured  values.  Sources 
of  error  effecting  the  bum  rate  model  are  being  investigated.  A  possible  reason  is  that  the  iron 
oxide,  a  bum  rate  catalyst,  is  invisible  in  the  near  infrared  region. 

Following  the  work  using  the  batch  mixed  propellant,  NIR  spectra  were  collected  during 
a  series  of  extmded  composite  propellant  twin  screw  processing  runs.  This  data  was  collected 
during  the  designed  ejqjeriment  described  earlier.  The  tested  propellant  properties  were 
correlated  with  the  spectra  that  were  obtained.  The  data  from  both  the  TSE  runs  was  integrated 
Avith  the  models  developed  from  the  batch  mixes  to  refine  them. 

The  spectral  data  that  were  collected  provided  the  first  glimpse  into  the  twin  screw 
extmder  process.  During  the  ramp  up  process  for  the  extrader,  the  solid  and  liquid  feed  rates  are 
incrementally  increased  until  the  full  formulation  is  reached.  Once  the  process  stabilizes, 
vacuum  is  then  applied.  A  simple  plot,  shown  in  Figure  10,  of  the  absorbance  at  wavelength 
known  to  be  related  to  the  oxidizer  in  the  propellant  clearly  shows  an  increase  in  absorbance  with 
each  increase  in  the  oxidizer  feed  rate.  This  data  correlates  with  the  ramp  up  to  full  formulation 
on  the  extruder.  This  data  was  very  encouraging. 
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Figure  10 

Selected  spectra  from  the  extruder  runs  and  the  data  from  the  properties  tests  were 
incorporated  into  the  original  batch  models.  These  models  were  compared  to  models  based  only 
on  TSE  data.  The  data  presented  in  Figure  11  shows  the  average  difference  between  the 
measured  and  the  predicted  property.  The  models  were  based  on  Kubleka-Monk  corrected  1st 
derivative  absorbance  data  and  partial  least  squares  (PLS)  correlation. 
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Density  continues  to  be  the  propellant  property  that  yields  the  best  correlation  to  the 
spectral  data.  Using  four  sample  averaged  data,  the  models  generated  with  batch  propellant 
predicted  density  with  an  average  error  of  0.008  gm/ml.  When  the  TSE  data  was  incorporated 
into  the  model,  the  average  difference  between  the  predicted  density  and  the  test  result  decreased 
to  0.005  gm/ml.  The  initial  bum  rate  model  predicted  with  an  average  error  of  0.061  in/sec. 
After  this  model  was  revised  with  data  from  the  TSE  runs,  the  averaged  predicted  error  decreased 
to  0.035  in/sec. 

The  validation  extruder  run  conducted  early  in  January  1998  provided  an  opportunity  to 
test  the  revised  models  which  incorporate  the  TSE  data.  The  revised  model  predicted  density 
with  an  average  error  of  0.005  gm/ml.  The  standard  deviation  of  the  tested  density  samples  was 
0.005  gm/ml.  The  revised  model  predicted  bum  rates  with  an  average  error  of  0.019  in/sec.  The 
standard  deviation  of  the  tested  bum  rates  was  0.013  in/sec.  Both  of  these  models  are 
sufficiently  accurate  to  be  useful  as  a  quality  and  process  control  tool. 


CONCLUSION 

The  CPOCP  project  has  been  a  major  effort  in  the  development  of  continuous  technology  for 
energetic  materials.  Major  milestones  have  been  reached  on  both  sides  of  the  Atlantic  Ocean  and 
the  collaboration  between,  French  and  U.S  teams  has  been  really  rich  and  casual. 

If  only  one  aspect  should  be  pointed  out,  it  surely  be  the  manufacture  on  both  side  of  the  Ocean 
of  live  material  with  respect  of  the  specifications  and  with  industrial-like  technologies. 
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STABILIZER  CONSUMPTION  BY  ACCELERATED 
AGING  OF  PEG/RDX  PROPELLANT 
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Agency  for  Defense  Development,  4-4 
Yuseong  P.O.  Box  35,  Taejeon,  305-600 
Republic  of  Korea 


ABSTRACT:  The  depletion  rates  of  MNA  and  2-NDPA  were  investigated  by  accelerated  aging  test 
in  PEG/RDX  solid  propellant  containing  BTTN  and  DEGDN  as  nitrate  ester  plasticizers.  It  was 
found  that  both  MNA  and  2-NDPA  were  depleted  by  the  0*  order  reactions  and  these  reactions  had 
two  kinds  of  activation  energy  which  showed  the  break-point  at  60°C  for  MNA  and  70  °C  for  2- 
NDPA  from  Arrhenius  plots  in  temperature  range  of  20  ~  80  °C.  Therefore,  the  stabilizer  content  in 
propellant  could  be  predicted  much  better  by  using  reaction  rate  in  the  low  temperature  range  than 
that  in  the  high  temperature  range. 


NOMENCLATURE 


C  Stabilizer  content  [wt.%] 

Co  Initial  stabilizer  content  [wt.%] 

E  Activation  energy  in  Arrhenius  eq.  [J/kmol.] 
k  Reaction  rate  constant  [wt.%/week] 


ko  Frequency  factor  [wt.%/week] 

R  Universal  gas  constant  [J/kmol-K] 
T  Temperature  [K] 


INTRODUCTION 


Solid  propellant  for  military  or  space  application  has  been  improved  to  have  higher  performance 
and  density.  Recently,  the  energetic  solid  propellant  has  contained  nitramine  oxidizer  and  nitrate 
ester  plasticizers  such  as  nitroglycerine(NG)  or  butanetrioltrinitrate  (BTTN)  to  get  the  higher 
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specific  impulse[l,  3~5].  By  aging  for  long  time,  the  gaseous  holes  inside  the  propellant  could  be 
formed  or  the  mechanical  properties  could  be  degraded  due  to  the  natural  decomposition  of  nitro 
group  in  the  nitrate  ester  plasticizer.  To  prevent  this  kind  of  gas  fissuring,  adequate  amount  of 
stabilizer  which  could  react  with  gaseous  products  has  been  used  in  propellant  formulation[l,6,7]. 

The  conventional  double  base  propellant  with  nitrocellulose  and  NG  used  to  be  formulated  with  1  ~ 
2%  of  stabilizer  such  as  ethylcentralite  or  2-nitrodiphenylamine(2-NDPA)  to  keep  the  sufficient 
service  life  especially  for  military  weapon  system.  But  two  kinds  of  stabilizers,  2-NDPA  and  para- 
nitro-N-methylaniline(MNA),  were  found  to  be  more  effective  than  single  stabilizer  to  prevent  gas 
fissuring  in  not  only  double  base  but  also  nitrate  ester  plasticizered  composite  propeIlant[4,8,9]. 
Many  papers  have  reported  the  detail  function  of  stabilizer,  but  the  stabilizer  content  variation  with 
aging  period  has  shown  different  results  for  the  formulation  of  solid  propellant.  In  order  to  predict 
the  service  life,  the  consumption  rate  of  stabilizer  should  be  measured  experimentally  and  predicted 
by  empirical  equation. 

Sammour[8,10~12]  and  Bohn[17]  reported  how  the  concentration  and  their  derivatives  of  stabilizers, 
2-NDPA  and  MNA,  changed  with  accelerated  aging  at  temperature  over  60°C  for  composite 
modified  double  base  propellant  composed  with  NC  and  NG  as  the  main  ingredients.  In  this  study, 
the  concentrations  of  these  stabilizers  in  polyethylene  glycol(PEG)/cycIo  trimethylene 
trinitramine(RDX)  plasticized  with  BTTN  and  diethyleneglycol  dinitrate  (DEGDN)  were  analyzed 
during  accelerated  aging  from  room  temperature  to  80°C  and  better  prediction  method  for  their 
contents  was  suggested  with  storage  time. 

EXPERIMENTAL[6,9, 1 3  ] 

The  cured  propellant  of  L130mm  x  D30mm  x  W40mm  was  prepared  and  5  sides  of  this  sample 
were  wrapped  with  aluminum  foil.  Every  edge  of  aluminum  foil  was  sealed  with  glue  to  protect 
from  environmental  effects.  After  samples  were  stored  in  ovens  controlled  at  constant  temperature 
of  20,  40,  50,  60,  70,  and  80°C  for  assigned  period,  3  grams  of  each  aged  propellant  was  taken  in  1 
mm  thickness  like  thin  chip.  The  plasticizers  and  stabilizers  were  extracted  by  soxhlet  apparatus 
soaking  in  150  ml  dichloromethane  solution  with  each  thin  sample  in  extraction  thimble  for  20 
hours.  Dichloromethane  in  this  extracted  solution  was  removed  using  nitrogen  degassing  method 
and  methanol  was  filled  in  100  ml  volumetric  flask  with  solvent  ifee  solution.  Two  stabilizers(MNA, 
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2-NDPA)  were  analyzed  by  high  performance  liquid  chromatography(HPLC,  Waters  Co.)  at  270 
and  340nm  wave  length  of  UV  detector.  C-18  column(NOVAPAK’^  3.9  x  150mm  and 
BONDAPARK'^  8  X  100mm)  of  Waters  Co.  were  selected  for  this  experiment  with  1.0  ral/min  of 
flow  rate  and  acetonitrile:  methanol:  water  =  45:  10: 45  of  moving  solution. 

RESULTS  AND  DISCUSSION 

Stabilizers  Consumption  by  Aging:  The  main  function  of  stabilizers  was  known  to  react  with  NO, 
NO2,  HNO2,  and  HNO3  which  were  produced  from  denitration  of  BTTN  and  DEGDN  and  to  inhibit 
the  further  denitration  reactions  of  nitrate  esters  and  degradation  of  propellant[ll].  The  reaction 
rate  of  decomposition  products  and  stabilizers  in  propellant  was  found  to  be  faster  with  temperature 
to  general  chemical  reaction.  The  propellant  containing  15%  of  BTTN  and  5%  of  DEGDN  as  the 
nitrate  esters  and  0.6%  of  MNA  and  0.5%  of  2-NDPA  as  the  stabilizers  is  selected  in  this  study. 

HPLC  analysis  curves  at  340nm  wavelength  for  MNA  detection  were  shown  in  figure  1  for  the 
original  and  aged  propellant.  The  peaks  at  2.5  minutes  of  retention  time  meant  MNA  and  the  peaks 
at  3  minutes  were  considered  to  be  N-nitroso-MNA  which  is  the  derivative  from  reaction  of  MNA 
and  denitration  products  of  nitrate  esters(BTTN  and  DEGDN)[1,1 1].  It  was  found  that  MNA  levels 
were  lower  and  the  content  of  N-nitroso-MNA  was  increased  with  higher  aging  temperature.  For  the 
same  sample,  2-NDPA  detection  curves  analyzed  by  HPLC  at  270nm  wavelength  were  shown  in 
figure  2,  where  the  peaks  at  about  10  minutes  of  retention  time  meant  2-NDPA  content  which  was 
decreasing  with  aging  temperature  and  period.  Two  peaks  at  about  6  to  8  minutes  of  curve  c  were 
inferred  to  be  the  derivatives  of  2-NDPA[14-16],  where  2-NDPA  was  decreased  by  the  half  of 
initial  content  after  aging  for  7  weeks  at  80°C. 

MNA  content  variation  with  aging  temperature  and  period  was  plotted  in  figure  3,  which  showed 
slower  depletion  rate  of  MNA  at  20  ~  OO^C  than  at  60  ~  SO'C  and  MNA  concentration  was  linearly 
decreased  with  aging  period.  It  meant  that  reaction  order  of  MNA  depletion  was  O"'.  Also  2-NDPA 
concentration  was  found  to  deplete  in  similar  tendency  to  MNA  in  figure  4.  The  stabilizer  depletion 
in  CMDB  propellant  with  NC  and  NG  as  the  main  ingredients  was  reported  as  combined  reaction  of 
O""  and  order[10,17].  But  in  this  study,  both  MNA  and  2-NDPA  showed  the  O""  order  depletion 
rate  in  PEG/RDX  propellant  with  BTTN  and  DEGDN.  The  reaction  rate  constants  for  each 
temperature  were  calculated  from  figure  3  and  4  and  listed  in  table  1. 


6 


8 


Time,  min 


Fig.  1.  HPLC  chromatograms  detected  at  UV-340nm  for  MNA  analysis,  (a)  before 
aging,  (b)  aged  at  60°C  for  21  weeks,  (  c)  aged  at  80°C  for  7  weeks. 


Fig.  2.  HPLC  chromatograms  detected  at  UV-270nm  for  2-NDPA  analysis,  (a) 
before  aging,  (b)  aged  at  bO^C  for  21  weeks,  ( c)  aged  at  80°C  for  7  weeks. 


Aging  Period,  weeks 


Fig.  4.  2-NDPA  content  variation  with  aging  temperature  and  period. 


45-6 


Table  1 .  Reaction  rate  constants  for  MNA  and  2-NDPA  from  fig.  3  and  4 


Temperature(°C) 

Reaction  Rate  ConstanUwt. %/week) 

MNA 

2-NDPA 

20 

7.846X10® 

2.249X10"' 

40 

8.859  X  10"* 

4.104X10"* 

50 

2.044X10® 

1.151  X  10® 

60 

4.188X10® 

1.539  X10‘® 

70 

2.317  X 10® 

2.882X10® 

80 

8.941  X 10® 

2.548X10® 

Arrhenius  Plots  for  Stabilizers:  The  depletion  rates  of  stabilizers  can  be  expressed  as  the 

following  equation  (1)  because  stabilizers  content  variations  showed  the  O"’  order  reactions. 


where  C  represents  the  stabilizer  concentration,  t,  the  aging  period,  k,  the  reaction  rate  constant,  and 
Co,  the  initial  concentration  of  stabilizer  respectively.  If  the  reaction  rate  constant  was  assumed  to 
follow  Arrhenius  equation, 

k  =  koGX'pi.-E  !  RT)  (2) 

In  equation  (2),  Iq,  represents  the  frequency  factor,  E,  the  activation  energy,  R,  the  universal  gas 
constant,  and  T,  the  reaction  temperature  in  Kelvin.  In  order  to  calculate  Iq,  and  E,  the  reaction  rate 
constant  vs.  temperature  was  plotted  in  figure  5  for  MNA  and  2-NDPA. 

The  activation  energy  for  MNA  depletion  reaction  was  found  to  change  at  the  break  point  of  60°C: 
E/R=9820K  in  20  ~  60°C  temperature  range  and  E/R=18037K  in  60  ~  80°C.  For  2-NDPA,  the 
activation  energy  was  shown  to  change  at  the  break  point  of  70°C:  E/R=5233K  in  20  ~  70°C 
temperature  range  and  E/R=26411K  in  70  ~  80°C.  To  predict  the  remaining  content  of  stabilizer. 
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accelerated  aging  tests  have  been  performed  at  higher  temperature  in  general.  Sammour[10], 
Bohn[17],  and  Bivin[7]  reported  that  the  stabilizer  content  and  the  self-life  of  propellant  were 
predicted  based  on  the  results  from  the  accelerated  aging  at  60  ~  90°C.  Because  the  depletion  rates 
of  stabilizers  under  60°C  were  much  slower  than  those  over  60°C  in  this  study,  it  could  make  an 
error  when  predicting  them  after  long  time  storage  at  ambient  temperature  if  these  concentrations 
were  calculated  from  the  accelerated  aging  over  60°C. 

The  remaining  contents  of  MNA  and  2-NDPA  of  the  propellant  stored  at  25°C  were  predicted  in 
figure  6  using  two  kinds  of  reaction  rate  equations  different  with  the  aging  temperature  range. 
Prediction  at  lower  temperature  range(lines  Ml  and  N1  in  figure  6)  was  considered  to  be  more 
reasonable  than  that  at  higher  temperature  range(lines  M2  and  N2  in  figure  6)  judging  from  the 
experimental  data  in  figure  3  and  4.  Therefore  it  is  recommended  that  the  stabilizer  content  is 
calculated  from  aging  result  under  60°C  because  the  propellant  is  stored  below  60°C  in  real.  Figure 
7  showed  that  the  calculated  value  was  coincident  with  the  experimental  result  for  2-NDPA  level 
change  at  60°C. 


Fig.  5.  Arrhenius  plot  for  stabilizer  depletion  rate. 


Predicted  Stabilizer  Content,  wt.% 
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Fig.  6.  Predicted  stabilizer  content  of  NEPE  propellant  aged  at  25‘’C  . 


Aging  Period,  year 


Fig.  7. 2-NDPA  content  vs.  aging  period  at  60°C. 
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SUMMARY 

The  stabilizers  content  degradation  was  experimented  by  accelerated  aging  at  20  ~  80°C  for 
PEG/RDX  solid  propellant  containing  BTTN  and  DEGDN  as  nitrate  ester  plasticizers.  It  was  found 
that  the  stabilizers,  both  MNA  and  2-NDPA  were  depleted  by  the  O"'  order  reactions  and  these 
reactions  had  two  kinds  of  activation  energy  which  showed  the  break-point  at  60°C  for  MNA  and 
70°C  for  2-NDPA  from  Arrhenius  plots.  Therefore,  tiie  stabilizer  content  in  propellant  could  be 
predicted  much  better  by  using  reaction  rate  in  the  low  temperature  range  than  that  in  the  high 
temperature  range  over  60°C  because  the  propellant  is  stored  below  60°C  in  real  application. 
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Abstract 

The  U.S.  Air  Force  has  a  need  for  high  energy,  less  sensitive  shock  survivable  explosives.  The 
U.  S.  Navy,  Naval  Surface  Warfare  Center,  Indian  Head,  MD  has  an  ongoing  program  to  evaluate 
nitrated  cyclodextrins,  as  possible  components  in  formulations  of  propellants  which  are 
insensitive,  high  energy  and  minimum  smoke-producing.  By  polymerizing  the  cyclodextrin  into 
higher  molecular  weight  versions  and  nitrating,  the  processing  characteristics  of  explosive 
formulations  should  improve  measurably.  This  paper  describes  the  polymerization  of  y- 
cyclodextrin  using  diisocyanates  and  nitration  of  the  polymers  to  provide  energetic  materials. 

Introduction 

Cellulose  is  a  polysacchharide  polymer  made  up  of  chains  of  D-glucose  units  attached  to  each 
other  by  1,4  beta  linkages.  Nitration  of  cellulose  provides  a  useful  energetic  compound. 
Nitrocellulose  has  long  been  used  as  an  energetic  in  a  multitude  of  propulsion  and  explosive 
applications.  The  drawback  in  its  use  has  been  the  unstable  nature  of  the  material  when  in  the 
dry  state  requiring  the  material  to  be  transported  and  used  while  wetted  to  prevent  accidental 
detonation.  Nitrocellulose  is  classified  as  a  1.1  class  energetic. 

Starch  is  a  polysaccharide  polymer  made  up  of  chains  of  D-glucose  units  attached  to  each  other 
by  1,4  alpha  linkages.  A  recent  development  is  the  commercial  production  of  cyclodextrins,  a 
unique  group  of  oligosaccharides,  produced  firom  selective  enzyme  action  upon  com  starch. 
Cyclodextrins  have  the  D-glucose  units  attached  to  each  other  to  form  rings.  The  most  common 
of  these  being  a,  P  and  y-cyclodextrin  having  6, 7  and  8  glucose  units  respectively  (Figure  1). 


a-Cyclodextrin  (3-Cyclodextrin 


y-Cyclodextrin 


Figure  1.  Structure  of  Cyclodextrins 
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The  cyclodextrins  are  doughnut  shaped  molecules  constructed  so  that  hydroxyl  groups  lie  along 
the  rims  and  are  hydrophilic  while  the  interior  is  relatively  non-polar  and  lipophilic.  The 
lipophilic  cavity  can  entrap  or  encapsulate  other  chemical  compounds  without  the  formation  of 
covalent  bonds  (Figure  2).  The  cavity  of  the  cyclodextrins  vary  in  size  ranging  from  5.3 


Ketones 

Alcohols 

Polymers 


Figure  2.  Cyclodextrin  Structure  and  Molecular  Inclusion 


angstroms  for  the  a-cyclodextrin  to  about  9.0  for  the  g-cyclodextrin.  Van  der  Waals  forces, 
hydrogen  bonding,  dipole  forces,  release  of  high  enthalpy  water  and  hydrophobic  interaction 
have  been  offered  as  hypothesis  for  the  energy,  up  to  12  kcal/mole.  necessary'  for  inclusion  of  the 
guest  molecules'.  The  nature  of  the  forces  for  a  particular  complex  thus  depends  on  the  guest 
which  occupies  the  cavity'  and  the  host.  The  thermodynamic  stability  ot  a  cyclodextrin  inclusion 
complex  is  generally  expressed  as  a  dissociation  constant,  and  this  value  can  often  be  correlated 
to  physiochemical  properties  of  the  guest  molecules.  The  classes  of  compounds  which  may  be 
included  are  quite  varied  and  includes  compounds  as  straight  or  branched  chain  aliphatics. 
aldehydes,  ketones,  fatty  acids,  esters,  aromatics,  amines  and  recently  polymers.  Inclusion  ot  the 
guest  molecule  in  the  cavity  can  give  rise  to  some  beneficial  modifications  ot  the  guest  not 
otherwise  achievable,  as  for  example:  solubility  enhancement,  stabilization  against  degradative 
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(a-),  21  (P-)  or  24  (y-)  hydroxyls.  Unlike  the  nitrated  cellulose,  the  nitrated  cyclodextrin  is 
classed  as  a  1 .3C  explosive.  Similar  to  the  unnitrated  cyclodextrin,  the  nitrated  cyclodextrin  has 
a  cavity  which  can  be  a  host  for  other  energetic  components  such  as  nitrate  esters  or  nitramines. 
Figure  3  shows  a  model  of  y-cyclodextrin  nitrate  with  the  energetic  BTTN  in  the  cavity . 


Figure  3,  Depiction  of  y-Cyclodextrin  Nitrate-BTTN  Inclusion  Complex 


The  U.S.  Natw,  Naval  Surface  Warfare  Center,  Indian  Head,  MD  has  an  ongoing  program  ’  to 
evaluate  nitrated  cyclodextrins,  as  possible  components  in  fonnulations  of  propellants  which  arc 
desired  to  be  insensitive,  high  energy  and  minimum  smoke-producing, 

Mr.  John  Consaga.  of  NSWC  Indian  Head,  concluded  that  his  existing  program  of  evaluation  of 
cyclodextrin  nitrate  demonstrated  the  following; 

•  That  cyclodextrin  nitrate  desensitizes  nitrate  ester  plasticizers  by  complexation 

•  Scaled-up  the  gamma  cyclodextrin  nitrate  to  the  100  gallon  reactor  (50  lb.) 

•  Achieved  a  55  cards,  high  energy ,  minimum  smoke  propellant . 

The  nitrated  cyclodextrin  which  has  an  Isp  of  226  seconds  fonns  an  inclusion  complex  with  an 
energetic  organic  nitrate  ester  plasticizer  guest  increasing  the  energy  of  the  composition  up  to  an 
Isp  of  250  seconds.  However,  since  the  energetic  is  contained  in  the  inclusion  complex,  it  acts  as 
if  partially  coated,  thus  the  composition  resists  detonation  due  to  impact  shock,  friction  or 
electrostatic  discharge  \ 

The  viscosity  of  the  nitrated  gamma  cyclodextrin  monomer  is  too  low  however  to  be  used  alone 
without  a  binder  in  many  formulations.  By  polymerizing  the  cyclodextrin  into  higher  molecular 
weight  versions  and  nitrating,  the  processing  characteristics  should  impro\  e  measurably  and 
offer  explosive  chemists  new  and  exciting  components.  The  increased  molecular  weight  of 
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cyclodextrin  polymer  nitrate  over  the  nitrated  monomer  can  provide  added  viscosity  and  strength 
to  compositions. 

Results  and  Discussion 

Polymers  may  be  prepared  from  cyclodextrins  by  crosslinking  cyclodextrin  rings  using  di  or 
polyfunctional  agents  as  aldehydes,  ketones,  allyl  halides,  isocyanates  or  epoxides  (Figure  4) 


Figure  4.  Structures  of  Cyclodextrin  Polymers 

where  the  cyclodextrin  rings  are  connected  to  other  rings  by  links  and  can  have  tails  of  the 
linking  groups.  If  the  polymerization  conditions  are  judiciously  controlled,  soluble  products  may 
be  obtained  having  weight  average  molecular  weights  above  20,000 

We  chose  to  attempt  the  polymerizations  using  the  diisocyanates,  4,4'-diphenylmethylene 
diisocyanate  (MDI)  and  hexamethylene  diisocyanate  (HDI),  (Figure  5)  as  linking  groups  fory- 
cyclodextrin.  This  cyclodextrin  was  chosen  since  it’s  large  cavity  could  complex  several 
molecules  of  nitrate  ester. 


MDI  HDI 


Figure  5.  Isocyanate  Crosslinkers 


Water  was  a  problem  since  a  small  amount  could  essentially  react  with  all  or  part  of  the 
diisocyanate  thus  reducing  polymer  yield  and  molecular  weight.  y-Cyclodextrin  can  crystallize 
with  from  7  to  18  molecules  of  water  '.  To  insure  that  the  cyclodextrin  was  thoroughly  dried,  an 
experiment  was  run  to  determine  the  time  necessary  to  completely  dry  the  material.  As  figure  6 
shows,  the  water  is  only  slowly  released  at  high  temperature  and  imder  vaccuum. 
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Figure  6.  Drying  CD  at  140°  C.  under  Vacuum 


The  complete  drying  of  the  cyclodextrin  at  elevated  temperatures  under  vacuum  and  removal  of 
water  in  the  DMSO  solvent  by  mol  sieves  did  provide  high  mass  spec  MW  and  high  weight 
average  molecular  weight  (Table  1). 


Table  1.  Polymerization  of  MDI  and  y-CD 


Run 

Temp.  °  C. 

MDI/CD 

Yield  % 

MWw 

Mass  Spec 

Polymer 

MW 

MDI/CD 

7029 

20 

1.0 

33 

10,000 

3500 

3.5 

7049 

20 

1.2 

77 

.. 

7000 

40 

1.0 

33 

54,000 

4500 

4.0 

MDI/CD  =  Molar  ratio 

%OH  reacted  =  Decrease  in  OH  peaks  of  polymer  by  NMR 
Mass  Spec  MW  =  Highest  MW  obtained  by  Mass  spec  analysis 


Aromatic  complexes  in  DMSO  solution  are  known  to  exist  and  molecular  models  of  an  MDI 
inclusion  complex  with  y-cyclodextrin  (Figure  7)  indicated  that  the  y-cyclodextiin  is  of  sufScient 
size  to  contain  the  aromatic  portion  of  the  MDI  but  the  isocyanate  groups,  could  extend  out  of  the 
cavity  allowing  reaction  with  the  outer  primary  or  secondary  hydroxyls.  This  reaction  would 
reduce  isocyanate  concentration  without  resulting  in  polymerization. 


The  temperature  of  the  polymerization  reaction  was  thus  increased  which  would  destabilize 
complex  formation  and  the  MDI  was  added  dropwise  to  minimize  possible  complex  formation. 
These  runs  are  shown  in  Table  2. 


Table  2.  IMDI  y-Cyclodextrin  Polymerization  Runs 


Run 

MDI/CD 

Temp.  C 

Yield  % 

%  OH  Reacted 

Mass  MW 

7070 

1.0 

60 

32 

12 

3500 

7075 

1.0 

80 

41 

16 

4500 

7100 

1.3 

80 

58 

17 

7110 

1.0 

100 

52 

17 

5000 

7112 

1.0 

80 

50 

15 

6100 

MDI/CD  =  Molar  ratio  of  reactants 

%OH  reacted  =  Decrease  in  OH  peaks  of  polymer  by  NMR 

Mass  MW  =  Highest  MW  obtained  by  Mass  spec  analysis 


The  higher  temperature  and  dropwise  addition  of  the  crosslinker  would  appear  to  be  providing 
higher  MW  as  shown  by  the  mass  spec. 

Correlation  of  the  data  with  the  variables  from  all  of  the  polymerizations  run  showed  that  better 
drying  of  the  CD  and  solvent  leads  to  increased  yield  and  %  OH  reacted.  Higher  MDI/CD  molar 
ratio  of  reactants  resulted  in  increased  yield  but  ratios  higher  than  1.5  resulted  in  gel. 
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Hexamethylene  diisocyanate  (HDI)  was  also  used  to  prepare  a  polymer  with  the  y-cyclodextrin. 
The  aliphatic  isocyanate  linkages  might  he  expected  to  be  less  likely  to  be  cleaved  by  nitration 
conditions.  The  temperature  was  run  at  the  higher  level  since  the  aliphatic  isocyanate  is  less 
reactive.  These  results  are  shown  in  the  following  table. 


Table  3.  HDI  y-Cyclodextrin  Polymer 

Run  HDI/CD  Temp .  °C  Yield  %  %  OH  Reacted  Mass  MW 

7115  1.0  100  41  ~25  7000 


MDI/CD  =  Molar  ratio  of  reactants 

%OH  reacted  =  Decrease  in  OH  peaks  of  polymer  by  NMR 

Mass  MW  =  Highest  MW  obtained  by  Mass  spec  analysis 


Small  samples  of  two  of  the  polymers,  runs  7112  and  7115  were  sent  to  NSWC  Indian  Head  for 
nitration.  Their  procedure  for  nitration  of  the  cyclodextrin  polymer  uses  liquid  carbon  dioxide  as 
solvent  with  the  dinitrogen  pentoxide. 

NSWC  nitrated  the  polymers  assuming  that  17  hydroxyls  were  available  as  suggested  by  the 
NMR  analyses.  They  reported  that  the  polymeric  crosslinked  cyclodextrin  nitrates  showed 
increased  viscosity  over  the  unnitrated  polymer  and  the  cyclodextrin  nitrate  monomer.  Both 
nitrated  polymers  were  soluble  in  dimethyl  sulfoxide  but  insoluble  in  acetone.  The  molecular 
weights  of  the  original  polymers  and  the  polymer  nitrate  are  indicated  by  the  GPC  curves  shown 
in  figures  8  -10.  Figure  8  shows  the  GPC  curves  of  the  polymer  prepared  from  HDI  and  y- 
cyclodextrin,  figure  9,  the  MDI  and  y-eyclodextrin  polymer  and  figure  10,  the  nitrated  polymer 
from  HDI  and  y-cyclodextrin..  DSC  analysis  of  the  polymer  nitrate  (Figure  1 1)  from  the  HDI  and 
y-cyclodextrin  show  transitions  at  198°  C  and  at  300°  C  and  indicate  the  energetic  nature  of  the 
product.  Nitrogen  analysis  of  the  polymer  was  13%. 


Figure  8.  GPC  Curves  of  7U5  HDI-y-CD  Polymer 
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Figure  9.  GPC  Curves  of  7112  MDl-y-CD  Polymer 


Figure  10.  GPr  Curves  of  Ni«i-afi,d  71 1*!  Po'" 
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Conclusions 

Soluble  crosslinked  polymers  having  high  weight  average  molecular  weights  can  be  produced 
from  the  reaction  of  diisocyanates  and  y-cyclodextrin.  These  polymers  can  be  successfully 
nitrated  by  the  procedure  used  at  NSWC  Indian  Head  to  provide  energetic  binders  having 
increased  viscosity  over  the  cyclodextrin  nitrate  monomer.  The  polymerization  procedure  is 
viable  to  scale  up  to  produce  larger  quantities  of  the  polymers  for  nitration  and  further  study  in 
energetic  formulations. 
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Nitrotriazoie  :  Chemische  Struktur  und  explosive 
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Kurzfassung: 

Nur  gering  erscheinende  Strukturunterschiede  vermdgen  gravierende  Auswirkungen  auf  die 
explosiven  Eigenschaften  von  energetischen  Materialien  zu  haben.  Das  wird  am  Beispiel  einer 
Reihe  verwandter  Stoffe  demonstriert,  die  aile  zur  Klasse  der  Nitrotriazoie  gehoren  und  mehr  Oder 
weniger  ausgepragte  expiosive  Eigenschaften  besitzen. 

Da  in  dieser  Stoffkiasse  Tautomerie-  und  Isomerie-Erscheinungen  berOcksichtigt  werden  mussen, 
ist  bereits  die  Struktur-Ermittiung  an  aufwendige  anaiytische  Verfahren  gebunden.  Die 
Bestimmung  der  explosiven  Eigenschaften  ergab  auffallende  Unterschiede:  Es  wurden  Vertreter 
aus  der  Klasse  der  IHE  und  Verbindungen  mit  Primarsprengstoff-Eigenschaften  beobachtet. 

Abstract: 

Already  small  structure  differences  may  affect  the  explosive  properties  of  energetic  materials  in  a 
great  extent.  This  is  demonstrated  in  the  case  of  a  series  of  related  compounds  which  all  belong 
to  the  group  of  nitrotriazoles  and  exhibit  more  or  less  distinct  explosive  properties. 

As  isomerism  and  tautomerism  had  to  be  taken  into  account  the  structure  elucidation  already 
implied  intense  analytical  efforts.  The  investigation  of  explosive  properties  yielded  striking 
differences:  There  were  found  Insensitive  High  Explosives  and  compounds  which  proved  to  be 
primary  explosives. 


Einleitung. 


Das  wohl  bekannteste  Nitrotriazol  NTO  (Nitrotriazolon)  hat  inzwischen  weltweite  Aufmerksamkeit 
und  bereits  auch  praktische  Anwendung  als  militarischer  Sprengstoff  gefunden.  Obwohl  es  schon 
vor  90  Jahren  erstmals  beschrieben  wurde  /1/,  liegt  doch  der  Nachweis  seiner  Explosivstoff- 
Eigenschaften  erst  10  Jahre  zuruck  121.  Damit  wurde  die  ganze  Stoffkiasse  der  Nitrotriazoie  in  das 
Blickfeld  der  Explosivstoff-Fachleute  geruckt,  und  so  sind  die  Anstrengungen,  die  bisher  nur 
unvollstandig  vorliegenden  Erkenntnisse  zur  Chemie  und  zum  Explosivstoff-Charakter  dieser 
Stoffe  zu  vertiefen,  mehr  als  begrOndet. 

Nach  einer  von  uns  durchgefuhrten  eingehenden  Untersuchung  von  Nitrotriazolen  wird  hier  der 
Versuch  unternommen,  das  Phanomen  des  Zusammenhangs  von  chemischer  Struktur  und 
Sprengstoff-Eigenschaften  eines  potentiellen  Explosivstoffs  zu  demonstrieren.  Trotz  der 
Begrenzung  auf  die  Grundstrukturen  von  nur  zwei  Triazolringen  werden  alle  praktisch 
bedeutsamen  Explosivstofftypen  in  einer  begrenzten  Verbindungszahl  nachweisbar. 

Voraussetzung  hierfur  war  eine  entsprechende  Anzahl  von  Substanzen,  die  verallgemeinernde 
SchluUfolgerungen  uberhaupt  erst  zulieUen.  Bis  auf  das  NTO  sind  die  hier  behandelten 
Verbindungen  keine  Handelsprodukte,  mudten  also  im  Labor  hergestellt  werden.  Und  7  der  19  im 
folgenden  beschriebenen  Verbindungen  wurden  erstmals  im  ISL  synthetisiert.  Detaillierte 
explosive  Eigenschaften  wurden  von  anderer  Seite  bisher  nur  fiir  das  NTO  beschrieben. 
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Chemie  der  Triazole. 

Triazole  gehoren  zu  einer  Gruppe  von  heteroaromatischen  Verbindungen,  die  trotz  ihres  hohen 
Stickstoffgehalts  -  anders  als  die  sonst  recht  Shnlichen  Azidoverbindungen  -  relativ  stabile  Stoffe 
Sind.  Das  liegt  daran,  daB  ihre  N-Atome  am  Aufbau  stabiler  elektronischer  Grundstrukturen 
beteiligt  sind.  Ihre  Stickstoffatome  sind  entweder  Teil  des  Doppelbindungssystems  (Pyridin-N) 
Oder  liegen  in  Einfachbindung  (Pyrrol-N)  vor. 

H 

n-n' 


Zwei  Arten  von  Triazolen  sind  zu  unterscheiden:  1,2,4-  und  1,2,3-Triazole.  Sie  haben  eine 
strukturelle  Gemeinsamkeit,  die  Erscheinung  der  Tautomerie:  Die  Protonen  an  den 
Stickstoffatomen  sind  beweglich.  Seine  genaue  Lage  hangt  von  zwei  Faktoren  ab,  den  sonstigen 
Substituenten  und  dem  Losungsmittel.  Aber  es  kann  auch  ein  Gleichgewicht  tautomerer 
Strukturen  vorliegen.  Wird  dieses  H-Atom  durch  einen  anderen  Substituenten  ersetzt,  kommt  zu 
dem  Problem  der  Tautomerie  das  der  Isomerie. 

Die  Nitrogruppe  in  Triazolen  verleiht  dem  am  Stickstoff  gebundenen  Wasserstoffatom  einen 
sauren  Charakter,  dem  ganzen  Molekiil  Sprengstoff-Eigenschaften.  Alle  von  uns  untersuchten 
Nitrotriazole  zeigen  bereits  nach  Einfuhrung  nur  einer  Nitrogruppe  einen  mehr  Oder  weniger 
explosiven  Charakter,  der  zwischen  dem  eines  Insensitive  High  Explosive  (IHE)  und  dem  eines 
Initialsprengstoffs  liegen  kann. 

Untersuchte  Verbindungen. 

Die  folgenden  Nitrotriazole  wurden  in  die  Untersuchung  aufgenommen  (Aniage  2). 

Es  stand  als  Handelsprodukt  zur  VerfClgung:  3-Nitro-triazol-5-on  (NTO),  7 
Nach  Literaturvorschriften  wurden  hergestellt: 

4-Nitro-1,2,3-triazol  (4-NT)  2/3/, 

3- Nitro-5-amino-1 ,2,4-triazol  (ANTA)  3  /4/, 

4- Nitro-2(1,2,4-triazol-3-yl)-1,2,3-triazol  (NBT)  4/5/, 

3-Nitramino-1 ,2,4-triazol  (NITRA)  6 161 

4.6- Bis(3-nitro-5-amino-1,2,4-triazol-1-yl)-5-nitropyrimidin  (DANTNP)  13  /7/, 

1- Pikryl-4-nitro-1,2,3-triazol  (1-PNT)  14/3/, 

2- Pikryl-4-nitro-1,2,3-triazol  (2-PNT)  15/3/, 

1  -Dinitrophenyl-3-nitro-1 ,2,4-triazol  16/1 9/. 

Fur  die  folgenden  Verbindungen  haben  wir  eigene  Darstellungsmethoden  entwickelt: 

3- Nitro-1 ,2,4-triazol  (3-NT)  1 /8/, 

2-Dinitrophenyl-4-nitro-1,2,3-triazol  10 , 

1  -Dinitrophenyl-4-nitro-1 ,2,3-triazol  1 1 . 

Die  weiteren  Stoffe  wurden  erstmals  im  ISL  synthetisiert: 

C,N-Dinitrobitriazol  {C,N-DNBTr)  5  /9/, 

C,C-Dinitrobitriazol  (C,C-DNBTr)  8 18/, 

N-Dinitrophenyl-nitrobitriazol  9, 

4.6- Bis(3-nitro-1 ,2,4-triazol-1-yl)-5-nitro-pyrimidin  12, 

4.6- Bis(4-nitro-1 ,2,3-triazol-1  -yl)-5-nitropyrimidin  17, 
2,4-Bis(5-amino-3-nitro-1,2,4-triazol-1-yl)-5-nitropyrimidin  18, 

4- Nitro-2-(1 ,2,3-triazol-4-yl)-1 ,2,3-triazol  19. 


• —  Pyridin-Typ 
Pyrrol-Typ 
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Synthesen  von  Nitrotriazolen. 

Unsere  Synthesen  der  neuen  Verbindungen  sind  im  Anhang  I  nSher  beschrieben.  Die  folgende 
Obersicht  beschreibt  zwar  nur  das  Synthese-Prinzip,  erlaubt  aber  bereits  Einsichten  in  den 
Chemismus  der  Nitrotriazoie. 

Nitrotriazole  mit  ihrem  reaktiven  Proton  konnen  mit  geeigneten  Partnern  wie  2,4-Dinitro- 
chlorbenzol  und  5-Nitro-4,6-dichlorpyrimidin,  die  eine  aktivierte  Austrittsgruppe  tragen,  zur 
Umsetzung  gebracht  warden,  im  Faile  derartiger  Reaktionen  mit  3-Nitro-1 ,2,4-triazoi  1  wurde  nur 
jeweils  ein  Reaktionsprodukt  (9,  12,  16),  mit  4-Nitro-1,2,3-triazol  2  aber  ein  Gemisch  aus  dem  1- 
und  dem  2-substituierten  Produkt  erhaiten  (10, 11). 


Schema  1 


Die  Ausnutzung  der  Diazotierbarkeit  von  Aminotriazolen  stelit  den  ersten  Schritt  auf  dem  Weg  zu 
(unsymmetrischen)  Bitriazolen  dar.  AnschiielJend  warden  diese  Reaktionsprodukte  mit  einer 
Nitroverbindung,  der  MethazonsSure,  gekuppelt  und  danach  zu  einem  2-substituierten  4-Nitro- 
1 ,2,3-triazol  cyclisiert  1201. 


NH,  Nj'  1'°’ N-H 
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H 

NHj  'n-NOj  N-MOj 

,N-(  ,OH  H,N-/ 

I  \  /  i  6  ° 
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V.,^N 


Schema  2 
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Das  2-Dinitrophenyl-4-nitro-1,2,3-triazol  10  haben  wir  nach  dem  o.e.  Prinzip  720/  aus  Dinitroanilin 
hergestellt.  Dadurch  konnte  die  Struktur  der  bei  der  vorher  erwahnten  Reaktion  (Schema  1) 
entstandenen  und  chromatographisch  getrennten  Dinitrophenyl-nitrotriazole  10  und  11  aufgeklart 
warden.  Das  4-Nitro-1,2,3-triazol  2  laBt  sich  zum  4-Aminotriazol  reduzieren  721/  und  entsprechend 
dem  obigem  Mechanismus  zu  einem  Bitriazol  19  umwandeln. 

Zwei  weitere  von  uns  gefundenen  Reaktionen,  die  sich  als  Aiternative  zu  publizierten  Synthesen 
anbieten,  seien  era/ahnt.  Die  Nitrierung  von  Aminotriazol  zu  NITRA  6  bendtigt  nicht  unbedingt 
NO2BF4  7107,  sondern  ist  auch  mil  ubiicher  Nitriersaure  (konz.  Salpetersdure  7  konz. 
Schwefelsaure)  realisierbar.  Allerdings  haben  wir,  als  es  urn  die  Herstellung  grdSerer  Mengen  von 
NITRA  fiir  die  Charakterisierung  als  Explosivstoff  ging,  auf  die  Methode  von  HENRY  767 
zuruckgegriffen,  die  von  Aminonitroguanidin  (ANQ)  ausgeht. 

3-Nitro-1 ,2,4-triazol  ist  problemlos  in  einer  SANDMEYER-Reaktion  ohne  Katalysator  zuganglich 
7117,  liefert  aber  nur  ein  verunreinigtes  Produkt.  Ein  Nitrotriazol  in  hoher  Reinheit  kann  man 
erhalten,  wenn  man  aus  ANQ  -  nicht  aus  Aminotriazol  -  hergestelltes  NITRA  mit  H2O2  (84  %)  in 
einer  zwar  recht  unubersichtlichen,  aber  wirkungsvollen  und  reproduzierbaren  Reaktion  787 
oxidiert. 

Die  Isomeren  13  und  18,  die  durch  Umsetzung  von  2,4-  bzw.  4,6-Dichlor-5-nitropyrimidin  mit 
ANTA  3  dargestellt  warden,  haben  eine  auffallende  Gemelnsamkeit:  Sie  sind  thermisch  stabil  und 
praktisch  unidslich  in  den  gangigen  Ldsungsmitteln.  Trotzdem  zeigen  sie  eine  gewisse  chemische 
Labilitat  insofern,  als  sie  beim  Behandein  mit  heiliem  Dimethylformamid  Oder  Dimethylsulfoxid 
zwar  in  Ldsung  gehen,  jedoch  nicht  mehr  aus  der  Ldsung  ausfallbar  sind,  was  auf  chemische 
Veranderungen  hinweist. 

Strukturprobleme. 

Bei  den  meisten  der  hier  untersuchten  Verbindungen  steht  die  exakte  Struktur  nicht  a  priori  test, 
da  unterschiedliche  tautomere  Oder  isomere  Formen  in  Erwdgung  gezogen  warden  miissen. 
Ebenso  muU  -  zumindest  in  Ldsungen,  und  das  ist  der  fOr  chemische  Reaktionen  wesentliche 
Zustand  -  auch  ein  Gleichgewicht  mehrerer  Strukturen  neben-  einander  in  Erwagung  gezogen 
warden.  Die  Entscheidung,  welche  Struktur  im  Einzelfall  vorliegt,  ist  nicht  leicht  zu  treffen.  Die 
analytische  “Methode  der  Wahl”  ist  die  kemmagnetische  Resonanzspektroskopie  und  zwar 
besonders  ’°N-NMR,  da  es  hier  urn  die  Charakterisierung  von  Stickstoff-Atomen  geht. 

Das  ^H-Spektrum  des  NTO  laUt  sowohl  die  Struktur  eines  Triazolons  wie  eines  Hydroxytriazols 
(zwei  unterschiedliche,  mit  D2O  austauschbare  Signale)  zu.  Das  ’^C-Spektrum  reicht  ebenso 
wenig  fur  eine  Entscheidung  aus,  da  die  Signallage  von  153  ppm  h  o  oh 

nicht  gerade  typisch  fiir  eine  Ketogruppe  ist.  Erst  das  ^®N-Spektrum  n-c' 

ist  mit  zwei  positiven  Signalen  -  entspr.  zwei  protonentragenden  N-  o^n-^  OjN'A 

Atomen  -  eindeutig  (Fig.  1-3).  Die  Signale  sind  in  diesem  Versuch  |r 

(Gated  Decoupling)  positiv,  wenn  sie  ein  H-Atom  tragen,  sonst 
negativ. 

Im  Falle  des  4-Nitro-1 ,2,3-triazols  -  gelost  in  DMSO-dg  -  erhalt  man  ein  ^®N-Spektrum  mit  4 
Signalen  (eines  fur  das  N-Atom  der  Nitrogruppe  und  je  eines  fiir  die  Ring-N-Atome,  da  jedes  N- 
Atom  sich  in  einer  anderen  magnetischen  Umgebung  befindet).  Da  zwei  Signale  positiv  sind  (Fig. 
4),  also  protonentragende  N-Atome  anzeigen,  mulJ  ein  tautomeres  Gleichgewicht  zweierr 
Strukturen  vorliegen;  denn  im  Nitrotriazol  liegt  nur  eine  NH-Gruppe  vor.  Das  gleiche  Phanomen 
beobachtet  man  beim  NITRA  und  dem  C,C-Dinitrobitriazol  8  (Fig.  5).  Welche  Strukturen  dabei 
betelligt  sind,  kann  erst  durch  weitergehende  Betrachtungen  entschieden  warden,  wobei  oft 
Signallage  und  Signalform  (Aufspaltungen)  Hinweise  auf  die  chemische  Umgebung  und  damit  die 
Struktur  liefern.  So  zeigt  das  ’®N-Spektrum  von  C,N-Dinitrobitriazol  mehrere  markante 
Aufspaltungsmuster  (Fig.  6),  deren  Auswertung  (s.  7127)  dazu  venwendet  warden  kann,  den  Ort  der 
N-Nitrierung  festzulegen.  In  Einzelfallen  wird  das  Auftreten  von  Tautomeren  schon  im 
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^H-Spektrum  erkennbar,  so  beim  Bitriazol  19,  das  allerdings  nur  im  Ldsungsmittel  Aceton-de  die 
neuen  temperaturabhangigen  Signale  zeigt  (Fig.  7). 

In  anderen  Fallen  hilft  nur  eine  Inkrementenabschatzung,  die  dann  auf  Modellverbindungen 
basiert,  da  in  einem  gewissen  Streubereich  die  Signallage  fur  die  jeweiligen  Atome  reproduzierbar 
ist.  Im  allgemeinen  beobachtet  man,  daU  das  H-Atom  an  dem  Stickstoff  zu  finden  ist,  der  von  der 
Nitrogruppe  am  entferntesten  liegt.  Methodik  und  Ergebnisse  dieser  Studie  sind  in  /1 2/  im  Detail 
dargestellt.  Im  Anhang  II  sind  in  jenen  Fallen,  wo  -  zumindest  in  Ldsung  -  ein  tautomeres 
Gleichgewicht  vorliegt,  beide  tautomere  Formen  angegeben.  Durch  Auswertung  einer  Vielzahl  von 
NMR-Spektren  konnten  bereits  aus  den  ’H-  und  “C-NMR-Signalen  der  hier  betrachteten  19 
Verbindungen  Zusammenhange  deutlich  gemacht  werden,  die  gesicherte  Strukturanalysen 
zulassen: 

In  den  1.2.3-Triazolen  gilt:  Im  Falle  der  Substitution  an  N-1  ist  5c-s  ^  130  ppm,  bei  Substitution  an 
N-2  >  130  ppm.  Auch  die  ^Jc-4  h-s  -Kopplungkonstanten  unterscheiden  sich:  Sie  sind  <  8  Hz  im 
ersten  Fall  und  >  8.5  ppm  bei  2-Substitution.  Im  Falle  der  1 .2.4-Triazole  wird  unterscheidbar,  ob  N- 
1 ,  C-3  und  /  Oder  C-5  ein  H-Atom,  eine  Nitrogruppe  Oder  einen  sonstigen  Rest  tragen,  da  im  einen 
Fall  H-5  <  9  ppm,  C-3  >  161  ppm  und  C-5  <  154  gefunden  wird,  wahrend  im  Falle  von 
Substitutionen  durch  Elektronenacceptoren  H-5  >  9.5  ppm,  C-3  <  161  ppm  und  C-5  >  154  ppm  ist. 
Die  ^Jc-5  H-5  -  und  die  ^Jc-3  h-5  -Kopplungskonstanten  sind  stets  >  212  Hz  bzw.  >  12  Hz 
(Anhang  lil). 

Bei  der  Umsetzung  von  4,6-Dichlor-5-nitro-pyrimidin  mit  4-Nitro-1 ,2,3-triazol  failt  ein  Gemisch  aus 
drei  Stoffen  an,  das  zu  70  %  aus  dem  4,6-Bis(4-nitro-1,2,3-triazol-1-yl)-5-nitropyrimidin  besteht. 
Einer  der  beiden  anderen  Stoffen  konnte  als  die  zu  17  isomere  Verbindung  identifiziert  werden,  bei 
der  die  Nitrotriazolgruppen  am  N-2  gebunden  sind.  Diese  Analyse  konnte  ohne  Reindarstellung 
der  Verbindung  geschehen,  worauf  wegen  der  begrenzten  Handhabbarkeit  (s.  Tab.  1)  verzichtet 
wurde. 

Das  Bis-nitrotriazolyl-nitropyrimidin  12  erweist  sich  so  als  1-substituiertes  3-Nitrotriazol.  Analog 
kann  im  Falle  der  Verbindungen  10  und  11  sicher  zwischen  1-  und  2-substituierten  1,2,3-Triazolen 
entschieden  werden. 

Explosive  Eigenschaften. 

Als  Explosivstoffe  wurden  bisher  NTO  /1 3/,  DATNP  /7/  und  ANTA  /1 4/  beschrieben.  Ein  Isomeres 
des  ANTA  ist  das  wesentlich  leichter  zugangliche  NITRA,  dessen  explosive  Eigenschaften  wir 
speziell  unter  dem  Aspekt  eines  Vergleichs  dieser  Isomeren  untersucht  haben  /1 5/. 

Alle  Substanzen  sind  bei  Raumtemperatur  kristalline  Substanzen  von  befriedigender  thermischer 
Stabilitat  (Tab.  1).  Die  niedrigste  gemessene  Zersetzungstemperatur  (DTA/TG  :  6°/min  Aufheiz- 
geschwindigkeit)  lag  bei  207°C.  Dem  steht  ein  Hochstwert  von  358°C  fur  das  Dinitrophenyl-4-nitro- 
1,2,3-triazol  16  gegenuber.  Wesentlich  aussagekraftiger  ist  aber  bisweilen  die  Art  der  Zersetzung: 
So  beobachtet  man  bei  1-Pikryl-4-nitro-1,2,3-triazol  14  einen  scharfen  Zersetzungspeak:  Die 
Substanz  zersetzt  sich  nicht  einfach  exotherm  bei  234'’C,  sie  explodiert.  Dagegen  gibt  das  Bis(4- 
nitro-1,2,3-triazol-1-yl)-5-nitroyprimidin  17  wahrend  seiner  Zersetzung  bei  207°C  keinen  Hinweis 
darauf,  daU  es  sich  hier  urn  eine  nicht  mehr  handhabbare  Verbindung  handelt,  die  schon  bei 
geringster  mechanischer  Beanspruchung  zu  explodieren  vermag.  Sie  stellt  die  empfindlichste 
Substanz  dar,  die  von  den  Verfassern  je  untersucht  wurde,  und  diese  Tatsache  kann  nicht  mit 
dem  Hinweis  auf  die  „Verunreinigungen“  erklart  werden,  da  die  eher  phlegmatisierende  Wirkung 
haben  sollten. 

Mit  den  Daten  der  Schlao-  und  Reibempfindlichkeit  lessen  sich  drei  Klassen  von  Explosivstoffen 
unterscheiden  : 

A  :  Deutlich  reib-  und  schlagempfindlich,  bisweilen  Primarsprengstoff-Eigenschaften:  5, 14,  7. 

B  :  Reib-  und  Schlagempfindlichkeit  vergleichbar  mit  klassischen  Sprengstoffen  wie  Hexogen 
und  TNT:  4,  6,8,11,15,19. 
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C  :  Unempfindlich  (keine  Reib-  und  Schlagempfindlichkeit  nachweisbar),  IHE,  eventuell  ohne 
Explosivstoff-Eigenschaften:  1,  3,  4,  7,  9, 10, 12, 13, 16, 18. 

Wegen  seiner  Sensibilitat  haben  wir  das  C,N-Dinitrobitriazol  5  vor  einer  Verarbeitung  zu  einer 
Ladung  aus  zylindrischen  PreRkdrpem  mil  7  %  Wachs  phlegmatisiert.  Die  metailisch 
eingeschiossenen  Ladungen  detonierten  problemios  im  Durchmesser  von  16  mm.  Dagegen  waren 
NTO  und  NiTRA  auch  im  unphiegmatisierten  Zustand  im  Durchmesser  von  16  mm  nicht 
detonierbar.  Auch  plattenformige  Ladungen  des  NTO  von  10  mm  Dicke,  90  mm  Breite  und  150 
mm  Lange,  beidseitig  mil  Metaii  belegt  (Sandv/ich-Ladungen),  detonierten  nicht.  Diese  beiden 
Sprengstoffe  wurden  in  Metaiirohren  von  25  mm  Durchmesser  und  250  mm  Lange  gesprengt.  im 
Faiie  des  NiTRA  wird  ein  interessantes  Phanomen  deutiich,  die  Nicht-identitat  von  Empfindiichkeit 
und  Initiierbarkeit:  NiTRA  ist  kein  unempfindlicher  Sprengstoff  -  die  Faiihammer-  und  Reibapparat- 
Ergebnisse  weisen  deutiich  auf  einen  Explosivstoff  hin  trotzdem  ist  es  schwer  detonierbar. 

Auch  chemische  Stabiiitat  und  iHE-Qualifikation  gehen  nicht  immer  paraiiei:  DANTNP  13  /7/  wird 
ais  IHE  beschrieben,  zersetzt  sich  aber  beim  Erhitzen  in  Methyipyrrolidinon,  dem  Losungsmittei,  in 
dem  man  seine  Konstitution  mittels  NMR  bestimmt  hat. 

NTO  ist  auch  von  seiner  Leistuno  (Tab.  2)  her  unter  den  Nitrotriazolen  der  interessanteste 
Sprengstoff:  Seine  gute  Zugangiichkeit  erlaubte  es,  NTO  einem  vertieften  Vergieich  mit 
klassischen  Sprengstoffen  zu  unterziehen.  Zwar  darf  seine  Leistung  (D,  GURNEY-Konstante, 
Plate-Dent-Test)  nicht  mit  Hochieistungssprengstoffen  wie  Hexogen  und  Oktogen  vergiichen 
werden.  Aber  ais  ieicht  herzusteiiender  und  gut  zu  verarbeitender  IHE  (Gap-Test)  erreicht  NTO 
muhelos  die  Quaiitaten  von  TATB. 

NiTRA  6  ist  ais  isomeres  des  ANTA  mit  diesem  auch  in  seiner  Leistung  gieichwertig.  Das  geht 
nicht  nur  aus  theoretischen  Berechnungen  hervor,  die  NITRA  sogar  geringfugig  gOnstiger 
bewerten,  sondern  laBt  sich  auch  aus  den  MelJergebnissen  schiielJen,  wenn  man  die  Ladedichte 
der  PrQfkSrper,  die  nur  85  %  ihrer  Kristaildichte  ausmacht,  in  Rechnung  stelit. 

Das  C,C-Dinitrobitriazol  8  wurde  aus  dem  ANTA  hergesteilt  mit  der  idee,  auf  diesem  Weg  zu 
einem  zumindest  theoretisch  ieistungsgesteigerten  Expiosivstoff  zu  geiangen.  Eine  experimentelie 
Qberprufung  war  erst  nach  Synthese  von  dessen  Isomeren,  dem  C,N-Dinitrobitriazol  5,  moglich, 
das  sich  besser  zur  Hersteiiung  der  benotigten  Stoffmengen  eignete.  Seine  reiativ  hohe 
Empfindiichkeit  zwang  uns  aiierdings,  die  Versuche  mit  einem  phiegmatisierten  Produkt 
durchzufuhren.  Trotz  eines  Sprengstoffgehalts  von  nur  93  %  und  einer  dementsprechend 
niedrigen  Ladedichte  ist  die  gemessene  Detonationsgeschwindigkeit  des  Dinitrobitriazois  hoher  ais 
die  des  ANTA.. 

Struktur  und  explosive  Eigenschaften. 

An  mehreren  Beispieien  konnte  in  dieser  Untersuchung  die  sonst  nur  empirisch  begrundete 
Tatsache  studiert  werden,  daU  bestimmte  explosive  Eigenschaften  wie  thermische  Stabiiitat  oder 
mechanische  Empfindiichkeit  mit  (chemischen)  Strukturparametern  zusammenhangen. 

Trotz  offensichtiicher  Ahniichkeit  konnen  schon  Isomere  gravierende  Unterschiede  im  Hinbiick  auf 
ihre  explosiven  Eigenschaften  aufweisen.  Doch  soiite  hier  kiar  differenziert  werden:  Nicht  aiie 
(expiosiven)  Eigenschaften  werden  durch  Isomerie,  urn  bei  diesem  Beispiel  fur  einen  scheinbar 
geringfugigen  StruktureinfiuB  zu  bleiben,  im  gleichen  Umfang  tangiert.  Es  giit  im  Aiigemeinen 
folgende  Regei  der  abnehmenden  Auswirkung: 

Mechanische  Empfindiichkeit  >  Dichte  >  Leistung  (D)  >  thermische  Empfindiichkeit. 

Beispiel:  Die  isomeren  ANTA  /  NiTRA,  C,C-DNBTr  /  C,N-DNBTr  und  1-Pikryl-  /  2-Pikryi-4-N-1 ,2,3- 
triazoi  unterscheiden  sich  am  auffaliigsten  in  ihrer  Schiagempfindiichkeit.  Bisweiien  kann  die 
isomere  Struktur  deutiiche  Auswirkung  auf  die  Kristaiistruktur  und  damit  die  Kristaiidichte  haben. 
Aber  es  failt  auf,  dalJ  auch  (mechanisch)  hochempfindiiche  Stoffe  thermisch  oft  voli  befriedigen 
und  keinen  Hinweis  auf  ihre  sonstige  Labilitat  geben. 
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Bei  den  nur  selten  realisierten  Fallen  einer  vergleichenden  Leistungsbetrachtung 
(Detonationsgeschwindigkeits-Messung)  ergaben  sich  -  wie  auch  theoretisch  zu  begrunden  oft 
ahniiche  Werte,  well  sich  die  Isomerie  bisweilen  uber  die  Dichte,  aber  immer  nur  in  begrenztem 
Umfang  iiber  die  Bildungsenthalpie  auf  die  Leistung  auswirkt.  Damit  ist  eine  Strategie  fur  ein 
Sprengstoff-“Tailoring“  aufgezeigt:  Ungunstige  Eigenschaften  kdnnen  in  gewissen  Fallen  durch 
Isomerisierung  unter  Erhalt  der  Leistung  verbessert  werden.  Der  Weg  dahin,  die  chemische 
Synthese,  kann  alierdings  erheblich  komplizierter,  eventuell  gar  ausgeschlossen  sein. 

In  dieser  Arbeit  wurden  mehrere  „Composite''-Sprengstoffe  untersucht,  die  aus  zwei  Explosivstoff- 
Systemen  zusammengesetzt  sind:  Ausgehend  von  zwei  Nitrotriazolsystemen,  wurden  mit 
Dinitrophenyl-  und  Pikrylverbindungen  und  der  Nitropyrimidyl-Gruppe  neue  Dinitrophenyl-,  Pikryl- 
und  Nitropyrimidyl-nitrotriazole  aufgebaut,  deren  zu  erwartende  Eigenschaften  nicht  ohne  weiteres 
vorhersagbar  sind.  Zur  Charakterisierung  dieser  Einzelbausteine  lalit  sich  folgendes  sagen:  Die 
(reinen)  Nitrotriazole  haben  wir  als  meist  gutartige,  also  mechanisch  mehr  Oder  weniger 
unempfindliche  Sprengstoffe  kennengelernt,  deren  Brisanz  und  Leistung  sie  fur  eine  Verwendung 
als  militarische  Sprengstoffe  geeignet  erscheinen  lassen.  Unter  den  Pikrylverbindungen  befinden 
sich  so  populare  Sprengstoffe  wie  Pikrinsaure  und  TNT,  und  auch  Dinitrobenzole  Sind  bei 
entsprechendem  EinschluR,  Ladungsdurchmesser  und  Initiierung  detonationsfahig.  DalJ 
Nitropyrimidin  ein  Sprengstoff  ist,  ergibt  sich  aus  der  Beobachtung,  daU  sein  Einbau  in  andere 
energetische  Systeme  (Nitrotriazole)  keinen  Energieverlust,  keine  „chemische  Phlegmatisierung" 
zur  Folge  hat.  Alierdings  ist  reines  Nitropyrimidin  so  schwer  zugSnglich,  daU  wir  im  Augenblick 
keine  Chance  sehen,  den  Beweis  iiber  die  Messung  seiner  Detonationsgeschwindigkeit  erbringen 
zu  kdnnen.  Dennoch  sind  Schlusse  auf  den  Energieinhalt  der  Verbindung  gerade  aus  den  Daten 
der  hier  behandelten  Beispiele  mdglich. 

Bei  den  „Corhposite“-Sprengstoffen,  also  Verbindungen,  die  aus  zwei  verschiedenen  Explosivstoff- 
Systemen  zusammengesetzt  sind,  ergeben  sich  die  explosiven  Eigenschaften  nur  selten  als 
arithmetisches  Mittel  Oder  Summe  der  Einzelwerte.  Die  Regein  folgen  chemischen,  strukturellen 
Vorgaben: 

Wir  beobachteten  z.B.,  daU  im  Falle  der  Verbindungen  13  und  18  der  Ort  der  Anbindung  des 
ANTA-Teils  an  den  Nitropyrimidinring  im  Hinblick  auf  seine  Explosivstoff-Eigenschaften 
unerheblich  ist.  Die  2,4-  und  4,6-lsomeren  sind  -  wie  das  (eine)  Ausgangsprodukt  IHE.  Wird  aber 
4-Nitro-1,2,3-triazol  mit  Nitropyrimidin-Verbindungen  substituiert,  ist  Ort  und  Art  der  Substitution 
entscheidend:  1-substituierte  4-Nitro-1 ,2,3-triazole  sind  extrem  empfindlich  (im  Einzelfall  nicht 
mehr  handhabbar),  wahrend  die  2-lsomeren  als  gutartig  eingestuft  werden  kdnnen  unabhdngig 
davon,  ob  der  Substituent  der  hochbrisante  Pikryl-  Oder  der  (praktisch  nicht  mehr 
explosionsfahige)  Dinitrophenyl-Rest  ist.  Wird  also  das  potentiell  labile  4-Nitro-1,2,3-triazol  an  der 
richtigen  Stelle  angebunden,  kann  es  dadurch  stabilisiert  werden. 

Die  Erklarung  fiir  dieses  Phanomen  ist  in  der  unterschiedlichen  Ringdffnung  des  Nitrotriazolrings 
zu  suchen.  Die  drei  nebeneinanderliegenden  Stickstoffatome  des  Triazolrings  stellen  im  Falle  der 
1 -Substitution  eine  Gruppierung  dar,  die  offenbar  sehr  leicht  die  N-Atome  N-2  und  N-3  in  Form 
eines  Stickstoffmolekuls  abspaltet,  wogegen  im  Falle  der  2-Substitution  dieser  Zersetzungsweg 
blockiert  ist,  somit  eine  thermisch  und  mechanisch  stabile  Gruppe  von  drei  N-Atomen  vorliegt. 

Im  Falle  der  Pikryinitrotriazole  14  und  15  kam  eine  Untersuchung  aus  Los  Alamos  717/  zu  dem 
Ergebnis,  daU  sich  die  unterschiedliche  Substitution  in  differierenden  Bindungslangen  speziell  der 
N-2-  und  N-3-Atome  auswirkt.  Im  Falle  der  1-substituierten  4-Nitro-1, 2, 3-triazole  erleichtert  das 
eine  N2-Eliminierung  nach  Ringdffnung  zwischen  N-3  und  C-4.  Das  so  entstandene  reaktive 
Zwischenprodukt  ist  als  Diradikal  fur  die  auffallende  Empfindlichkeit  dieser  Verbindung 
verantwortlich. 

Das  ANTA-lsomere  NITRA  6  stellt  nur  hinsichtlich  seiner  mechanischen  Empfindlichkeit  eine 
Ausnahme  von  der  Beobachtung  dar,  dalJ  1,2,4-Triazole  durchweg  IHE-Eigenschaften  -  ein 
Hinweis  auf  die  Stabilitat  dieses  Ringsystems  -  haben.  Im  Falle  der  Detonierbarkeit  zeigt  auch 
NITRA  dieses  Charakteristikum. 
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Zusammenfassung 

Neunzehn  Nitrotriazole  -  darunter  sieben  Verbindungen,  die  erstmals  im  ISL  synthetisiert  wurden,  - 
Sind  einer  vertieften  Strukturuntersuchung  unterworfen  worden,  da  wegen  des  Vorliegens  von 
Tautomerie  und  Isomerie  eine  verfeinerte  Strukturbestimmung  (Position  eines  mobilen  Protons)  in 
mehreren  Fallen  offengeblieben  war. 

Fast  alle  Verbindungen  erwiesen  sich  als  Explosivstoffe,  die  Mehrzahl  gutartig  und  problemlos 
handhabbar,  aber  es  wurden  auch  einzelne  Vertreter  von  extremer  Labilitat  beobachtet,  was  sich 
anhand  der  jeweiligen  Struktur  erklaren  lieR.  Dabei  spielten  isomere  (s.o.)  Strukturen  eine 
bedeutsame  Rolle. 

Der  anwendungstechnisch  wichtigste  Vertreter,  das  NTO,  wurde  eingehend  als  unempfindlicher 
Sprengstoff  (IHE)  charakterisiert  und  dem  bekanntesten  milltarisch  genutzten  IHE,  dem  TATB, 
gegenubergestellt,  das  im  NTO  einen  gewichtigen  Konkurrenten  (Preis,  Leistung)  erhalten  hat. 
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Tab.  1 :  Explosive  Eigenschaften  (Stabilitat  und  Empfindlichkeit) 


Verbindung 

Dichte 

(g/cm^) 

Bildungs- 

enthatple 

(kJ/mol) 

T 

•ftX 

(°C) 

Reibempfind- 
lichkeit  (kp)^’ 

Schlag- 

empfindlichkeit 

(j)** 

3-Nitrotriazol  1 

1.72 

97.9 

218 

>36 

>25 

4-Nitrotriazol  2 

1.73 

167.0 

218 

29 

4.5 

ANTA  3 

1.82 

70.1 

254 

>36 

>25 

Nitrobitriazol  4 

267 

>36 

>25 

C,N-Dinitrobitriazol  5 

1.82 

515.6 

258 

8.4(Nadeln) 

<  1.5 

24  (Pulver) 

2.0 

5  +  7  %  Wachs 

>36 

25 

NITRA  6 

1.83 

93.9 

226 

19 

6.5 

NT0  7 

1.91 

-59.9  HI 

236 

>36 

25 

C,C-DinitrobitriazoL8 

1.89 

189.9 

271 

>36 

4 

N-Dinitrophenyl-nitrobitriazol  9 

>350 

>36 

>25 

2-Dinitrophenyl-4-nitrotriazol  10 

246 

>36 

>25 

1-Dinitrophenyl-4-nitrotriazol  11 

247 

19 

2.0 

Bis{3-Nitrotriazolyl)-nitropyrimidin  12 

1.82 

638.1 

260 

>36 

>25 

DANTNP 13 

1.865  m 

431.2 

328 

>  36 

mi 

1-Pikryl-4-nitrotriazol  14 

1.75  /17/ 

234 

7  (Knall) 

<1.5  expl. 

exp. 

2-Pikryl-4-nitrotriazol  15 

1.83  /1 7/ 

272 

>36 

5.5 

1  -Dinitrophenyl-3-nitrotriazol  1 6 

358 

>36 

>25 

Bis(4-Nitrotriazolyl)-nitropyrimidin  1 7 

207 

<  0.5  (Knall) 

<  1.5  expl 

2,4-Bis(5-amino-3-nitro-1,2,4-triazol-1- 

> 

yl)-5-nitropyrimidin  18 

338 

36 

25 

Nitro-(1 ,2,3-triazolyl)-1 ,2,3-triazol  19 

258 

22.5 

Hexogen  (RDX) 

1.82 

230 

12 

4.5 

Nitropenta  (PETN) 

1.77 

202 

6 

3.0 

Anmerkunaen:  ''  DTAH'G  :  67min:  Reibapparat  J.  PETERS:  1.  Reaktion;  BAM-Fallhammer-  1  Rsaktinn 


Tab.  2 :  Explosive  Eigenschaften  (Leistung) 


A 

(g/cm^) 

D 

(m/s) 

i/2£ 

(mm/ps) 

Plate-Dent-Test 

(mm  Kratertiefe) 

Gap-Test 

(kbar) 

NITRA 

1.56 

7346 

2.28 

ANTA 

1.75 

7710  /14/ 

C,N-Dinitrobitriazol 

(+  7  %  Wachs) 

1.57 

7767 

2.55 

NTO 

1.82 

8001 

2.34 

5.72 

>50 

RDX 

1.73 

8489 

2.87 

7.71 

12.4  (class  E) 

TATB 

1.86 

7539 

2.34 

5.87 

>50 

TNT 

1.60 

6913 

2.39 

5.51 

>  50  (gegossen) 
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ANHANG  I :  Experimenteller  Teil 

2.4- DinitrophenvM-nitro-2-(’  1 .2.4-triazol-3-v0-1 .2.3-triazol  9  : 

3.5  g  2,4-Dinitrochlorbenzol  und  3.4  g  Nitrobitriazol  werden  in  Ethanol  suspendiert.  Nach  Einstellen  des  pH- 
Werts  auf  7  -  8  durch  Zugabe  von  Triethylamin  wird  1  Std.  zum  ROckfluU  erhitzt.  Nach  dem  AbkOhlen  wird  der 
gebildete  Niederschlag  filtriert  und  getrocknet:  Ausbeute  :  3.24  g  (52  %).  Nach  Umkristallisation  aus 
Ethanol/Aceton  hat  das  beigefarbene  Produkt  einen  Strip,  von  194°C. 

Bei  der  Umsetzung  von  Dinitrochlorbenzol  mit  4-Nitrotriazol  2  in  Ethanol/Triethylamin  entsteht  ein  durch 
Saulenchromatographie  auftrennbares  Gemisch  aus  zvitei  Nitrotriazolen  10  und  11,  die  sich  durch  1-  bzw.  2- 
Substitution  unterscheiden.  Verbindung  10  mit  Schmelzpunkt  118°C  wurde  durch  die  nachstehend 
beschriebene  eindeutige  Synthese  hergestellt.  Da  LYNCH  und  CHAN  /18/  fur  ihr  Produkt  10  nur  einen 
Schmelzpunkt  von  104°C  angeben,  ist  vom  Vorliegen  eines  Gemischs  auszugehen. 

1-Hvdroximino-2-nitroalvoxal-f2.4-dinitrophenvl-1-vlt-hvdrazon: 

1 1  g  (60  mmol)  2,4-Dinitroanilin  werden  wasserfeucht  (nach  LOsen  in  Eisessig  und  Ausfailen  auf  Eis)  in  eine 
Mischung  aus  90  ml  H2SO4  (konz.)  und  22  ml  Wasser  eingetragen.  Nach  KQhlung  auf  -  5°C  wird  eine 
LOsung  von  4.5  g  Natriumnitrit  in  10  ml  Wasser  zugetropft.  Zur  LOsung  des  Diazoniumsalzes  laUt  man  eine 
gesattigte  LOsung  von  10  g  Natriummethazonat  in  Wasser  zutropfen,  wobei  die  Temperatur  nicht  uber  10°C 
ansteigen  soli.  Es  bildet  sich  ein  gelber  Niederschlag,  den  man  noch  eine  halbe  Stunde  bei  R.T.  rClhrt. 
Danach  wird  filtriert,  mit  Wasser  gewaschen  und  bei  60°C  i.V.  getrocknet.  19.9  g  Ausbeute  (quantitativ).  Die 
Verbindung  wird  fur  die  weiteren  Schritte  als  Rohprodukt  verwendet. 

2.4- DinitroDhenvl~4-nitro-f2H11.2.3-triazol  10  : 

2  g  (70  mmol)  des  Hydrazons  werden  in  40  ml  Eisessig  suspendiert  upd  mit  30  ml  Acetylchlorid  versetzt. 
Die  Reaktionsmischung  wird  so  lange  unter  RUckflufl  erhitzt,  bis  eine  klare  LOsung  entstanden  ist.  Nach  dem 
AbkOhlen  liegt  ein  gelber  Niederschlag  vor,  das  Acetat  der  Hydroxylamin-Verbindung,  das  abfiltriert  und  mit 
Ethanol  gewaschen  wird.  Die  Cyclisierung  gelingt  durch  Erhitzen  im  Vakuum  bei  170°C,  durch  Kochen  unter 
ROckfluG  in  Ethanol  Oder  durch  azeotrope  Destination  mit  Toluol.  Man  erhait  0.5  g  (25  %)  eines  Rohprodukts, 
das  aus  Ethanol  umkristallisiert  werden  kann. 

4.6-Bisf3-nitro-1.2.4-triazol-1-vn-5-nitropvrimidin  12 : 

1.94  g  (0.01  mol)  4,6-Dichlor-5-nitropyrimidin  und  2.28  g  (0.02  mol)  3-Nitro-1,2,4-triazol  werden  in  30  ml 
Aceton  suspendiert  und  mit  2.02  g  (0.02  mol)  Triethylamin  versetzt.  Nach  2  Std.  ROhren  bei  R.T.  wird  filtriert, 
mit  Wasser  gewaschen  und  mit  100  ml  Aceton  ausgekocht.  Das  Acetonfiltrat  wird  zur  Trookene  eingedampft. 
Es  lassen  sich  2.3  g  (65.9  %)  des  Rohprodukts  isolieren,  das  nach  Umkristallisieren  aus  Acetonitril  einen 
Zersetzungspunkt  von  260°C  besitzt. 

4  6-Bisf4-nitro-1 .2.3-triazol-1  -vn-5-nitroDvrimidin  17  : 

1.94  g  (0.01  mol)  4,6-Dichlor-5-nitropyrimidin  und  2.28  g  (0.01  mol)  4-Nitro-1,2,3-triazol  wurden  in  40  ml 
Tetrahydrofuran  (THF)  suspendiert  und  bei  R.T.  tropfenweise  unter  Riihren  mit  2g  (0.02  mol)  Triethylamin 
(TEA)  versetzt.  Der  Niederschlag  aus  TEA.HCI  wurde  mit  80  ml  Wasser  aufgelOst.  Nach  wenigen  Minuten 
bildete  sich  ein  neuer,  gelber  Niederschlag,  der  filtriert,  mit  Wasser  gewaschen  und  bei  50'’C  i.V.  getrocknet 
wurde.  (Die  NMR-Daten  wurden  mit  diesem  Rohprodukt  erstellt.)  Eine  Haifte  des  Rohprodukts  wurde  mit 
Ethylacetat  umkristallisiert  und  filtriert.  Das  noch  nicht  vOllig  getrocknete  Produkt  explodierte  beim  Aufruhren 
mit  einem  Spatel.  Die  zweite  Haifte  wurde  dann  unter  entsprechendem  Sicherheitsaufwand  ohne  weitere 
Reinigung  fOr  die  PrOfung  der  mechanischen  Empfindlichkeit  verwendet. 

2.4- Bisf5-amino-3-nitro-1.2.4-triazol-1-vh-5-nitropvrimidin  18 : 

1.94  g  (0.01  mol)  2,4-Dichlor-5-nitropyrimidin  (frisch  destilliert)  und  2.58  g  ANTA  3  wurden  in  40  ml  THF 
suspendiert  und  im  Verlauf  von  30  Minuten  mit  2  g  (0.02  mol)  TEA  (Triethylamin)  in  10  ml  THF  versetzt. 
Nach  Ende  der  Zugabe  hat  sich  eine  rote  LOsung  gebildet,  aus  der  sich  TEA.HCI  abscheidet.  Nach  Zugabe 
von  80  ml  wird  eine  weitere  Stunde  bei  R.T.  gerOhrt,  wobei  sich  der  urspriingliche  Niederschlag  weitgehend 
auflOst  und  ein  neuer  entsteht,  der  filtriert,  gewaschen  und  getrocknet  wird.  Die  Verbindung  erwies  sich  als 
praktisch  unlOslich  in  alien  gangigen  LOsungsmitteIn,  konnte  nur  unter  vollstandigem  Verlust  der  Substanz  in 
heiGen,  hochsiedenden  LOsungsmitteIn  (NMP,  DMF)  gelOst  werden,  aus  denen  sie  nicht  wieder 
zuruckzugewinnen  war.  (So  entsteht  z.B.  beim  Versuch  einer  Ausfailung  mit  Wasser  nur  ein  Gel.) 
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4-Nitro-2-f  1 .2.3-triazol-4-vh-1 .2.3-triazol  19  : 

1  g  (10  mmol)  4-Amino-1,2,3-triazol  /21/  warden  in  verd,  HNO3  (1.4  ml  HNO3  (100  %)  +  5,7  ml  H2O)  gelOst 
und  bei  -  5°  tropfenweise  mit  einer  wassrigen  LOsung  von  0.8  g  NaNOj  versetzt.  Nach  15-minQtigem  ROhren 
wird  bei  einer  Temperatur  unter  10°  eine  wassrige  LOsung  von  1.4  g  Natriummethazonat  (mit  verd, 
Natronlauge  auf  pH  =  5  eingestellt)  zugegeben,  der  entstandene  Niederschlag  abfiltriert  und  mit  Wasser 
gewaschen,  Nach  dem  Trocknen  bei  60°  i.V.  liegt  ein  Rohprodukt  (60  %  Ausbeute)  vor,  das  for  die  weitere 
Umsetzung  verwendet  werden  kann. 

1.14  g  (5.7  mmol)  des  Rohprodukts  werden  in  40  ml  NaOH  (5  %)  gelOst,  2  ml  Eisessig  zugegeben.  Bei  einer 
Temperatur  von  20  bis  25°  werden  aus  2  Tropftrichtem  gleichzeitig  2  ml  Essigsaureanhydrid  und  soviel 
NaOH  (5  %)  eingetragen,  dalj  der  pH-Wert  immer  noch  alkalisch  bleibt.  Nach  einer  halben  Stunde  wird  mit 
Eisessig  angesauert  und  der  orange-braune  Niederschlag  abfiltriert,  der  neben  dem  gewunschten  Bitriazol 
(beigefarben)  noch  ein  acetyliertes  Zwischenprodukt  enthait.  Umkristallisieren  aus  Ethanol  ergibt  ein 
Reinprodukt.  Aus  der  ReaktionslOsung  kann  durch  Ausathern  weiteres  Bitriazoi  gewonnen  werden. 
Gesamtausbeute  82  %.  Schmelzpunkt  194°, 

Anmerkung:  Elementaranalysen  (C,H,N,0  ±  0.4  %  max.)  und  IR-Spektren  liegen  vor  und  sind  mit  der  ange- 
nommenen  Struktur  vereinbar. 


Anhang  II :  Strukturen  der  untersuchten  Nitrotriazole 
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Anhang  III ;  Auswertiing  der  *H-  und  ^^C-NMR-Signale  und  Kopplungskonstanten  unter 
Berucksichtigung  von  Strukturelementen. 

1. 1.2.3-Triazole  (LOsungsmittel  DMSO-de;  Raumtemperatur) 


lli£l 

ESI 

■a 

■«eM 

ma 

Substituent 

9.1 

154 

9.1 

126 

206 

2 

R,  =  H 

10.1 

157 

6.3 

127 

212 

11 

R,  =  dinitrophenyl 

10.0 

153 

7.7 

129 

212 

14 

R,  =  pikryl 

9.2 

156 

8.1 

135 

210 

10 

R2  =  dinitrophenyl 

9.0 

155 

9.0 

134 

208 

4 

R2  =  triazolyl 

9.0 

156 

9.0 

135 

210 

8 

R2  =  C-nitrotriazolyl 

9.2 

156 

9.1 

135 

210 

5 

R2  =  N-nitrotriazolyl 

9.3 

156 

9.2 

135 

210 

15 

R2  =  pikryl 

155 

8.0 

133 

208 

19 

R2=1,2,3-triazolyl 

158 

8.6 

137 

210 

9 

R2  =  dinitrophenyltriazolyl 

II.  1.2.4-Triazole  (LOsungsmittel:  DMSO-dg;  Raumtemperatur) 
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Fig.  3  :  ’®N-NMR-Spektrum  von  NTO  7 


Fig.  4:  ’'N-NMR-Spektrum  von  4-NT  2 


®  (ppm)  ®  £ 


Fig.  5:  ’*N-NIVIR-Spektmin  von  C,C-DNBTr  8 


Fig.  6  :  ’'N-NMR-Spektrum  von  C,N-DNBTr  5 


-  65,84 


Fig.  7  :  ^H-NMR-Spektrum  von  4-Nitro-2-(1,2,3-triazol-4-yl)-1,2,3-triazol  19 

in  Aceton-dg 

a)  bei  +  20°C 

b)  bei  -  70X 
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NEW  SYNTHESIS  OF  TATB.  PROCESS  DEVELOPMENT  STUDIES 

Robert  D.  Schmidt ,  Alexander  R.  Mitchell  and  Philip  F.  Pagoria 

Lawrence  Livermore  National  Laboratory,  Energetic  Materials  Center,  Livermore,  California 
94551,  USA 

ABSTRACT 

We  described  a  new  synthesis  of  l,3,5-triamino-2,4,6-trinitrobenzene  (TATB)  in  1996  at 
the  27th  International  Annual  Conference  of  ICT.  1,1,1 -Trialky Ihydrazinium  salts  are  highly 
reactive  reagents  which  aminate  nitroaromatic  compounds  through  vicarious  nucleophilic 
substitution  (VNS)  of  hydrogen.  When  applied  to  picramide,  these  reagents  produce  TATB  in 
high  yield.  Traditionally,  TATB  has  been  manufactured  in  the  USA  by  nitration  of  the 
relatively  expensive  and  domestically  unavailable  1,3,5-trichlorobenzene  (TCB)  to  give  2,4,6- 
trichloro-l,3,5-trinitrobenzene  (TCTNB)  which  is  then  aminated  to  yield  TATB.  Elevated 
temperatures  (150°  C)  are  required  for  both  reactions.  Our  new  VNS  synthesis  potentially 
affords  an  inexpensive  and  a  more  environmentally  benign  preparation  of  TATB.  We  describe  in 
this  report  our  progress  in  scaling  up  the  synthesis  of  TATB  from  the  laboratory  to  the  pilot 
plant.  We  will  discuss  structure  and  control  of  impurities,  changes  in  yield/quality  with  reaction 
conditions,  choice  of  solvents,  workup  and  product  isolation,  safety,  and  environmental 
considerations.  Particle  size  characterizations  as  well  as  small-scale  safety  and  performance 
testing  will  also  be  discussed. 

INTRODUCTION 

The  compound  l,3,5-triamino-2, 4,6-trinitrobenzene  (TATB)  is  a  reasonably  powerful 
high  explosive  (HE)  whose  thermal  and  shock  stability  is  considerably  greater  than  that  of  any 
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other  known  material  of  comparable  energy.'  The  high  stability  of  TATB  favors  its  use  in 
military^  and  civilian  applications^  when  insensitive  high  explosives  are  required.  In  addition  to 
its  applications  as  a  HE,  TATB  is  used  to  produce  the  important  intermediate 
benzenehexamine.'''*  Benzenehexamine  has  been  used  in  the  preparation  of  ferromagnetic  organic 
salts*  and  in  the  synthesis  of  new  heteropolycyclic  molecules  such  as  1,4,5,8,9,12- 
hexaazatriphenylene  (HAT)  that  serve  as  strong  electron  acceptor  ligands  for  low-valence 
transition  metals.  The  use  of  TATB  to  prepare  components  of  lyotropic  liquid-crystal 
phases  for  use  in  display  devices  is  the  subject  of  a  German  patent.’ 

There  is  a  definite  need  for  a  less  expensive  and  more  environmentally  benign  production 
of  TATB.  Current  production  techniques  for  making  TATB  are  expensive  and  rely  on 
environmentally  hazardous  reagents  and  relatively  harsh  conditions.  We  recently  reported  a 
novel  approach  to  the  synthesis  of  TATB  which  utilizes  relatively  inexpensive  starting 
materials  and  mild  reaction  conditions.'®"'^  This  new  process  relies  on  amination  of 
nitroaromatic  starting  materials  using  a  reaction  known  as  Vicarious  Nucleophilic  Substitution 
(VNS)  of  hydrogen.'*  Scheme  1  outlines  the  approach. 


X-NH2 


Base  /  DMSO 


X  =  MegN-^,  OH 

Scheme  1.  VNS  Synthesis  of  TATB  fi'om  Picramide. 


We  have  been  working  on  the  scale-up  of  this  new  synthesis  with  the  goal  of  developing  a  new 
production  of  TATB.  This  paper  examines  the  influence  of  aminating  reagent,  base,  solvent, 
temperature,  quenching,  etc.  on  yield,  purity  and  morphology  of  TATB  product. 


49-3 


PROCESS  STUDIES  WITH  1,1,1-TRIMETHYLHYDRAZINIUM  IODIDE  AS  THE  VNS 
AMINATINGREAGENT 


Initial  Studies 


We  have  determined  that  1,1,1-trimethylhydrazinium  iodide  (TMHI)  is  the  most 
efficient  aminating  reagent  available  for  the  VNS  synthesis  of  TATB."’"'^’'''  Picramide  and  solid 
TMHI  are  dissolved  in  DMSO,  and  base  (sodium  methoxide  or  ethoxide)  is  added  to  initiate  the 
reaction.  The  reaction  is  conducted  at  room  temperature,  and  is  complete  in  under  3  hours, 
giving  TATB  in  80-90%  yield  (Scheme  2). 


tjIHa 

V 

NOa 


1.  TMHt(5eq.), 
NaOMe  (10  eq.), 
DMSO.  r.t. 


2.  H3O* 


80-90%  yield 


Scheme  2.  VNS  Synthesis  of  TATB  using  TMHI 

The  major  expected  impurity  is  l,3-diamino-2,4,6-trinitrobenzene  (DATB),  which 
results  fi-om  incomplete  amination.  Under  these  reaction  conditions,  no  DATB  (<0.5%)  was 
detected  by  FTIR  spectroscopy  or  direct  insertion  solids  probe  mass  spectrometry  (DIP-MS). 

Studies  on  Varying  Reaction  Conditions 

The  initial  studies  of  this  reaction  employed  picramide  concentrations  <  0.13  M  with 
large  excesses  of  TMHI  and  base  to  drive  the  reaction  to  completion.  We  examined  the  effects  of 
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decreased  solvent  and  reagents  on  the  reaction.  Table  1  summarizes  some  of  the  results  of  this 
study. 


Entry 

Mole  Ratio  of  Reagents 
(Picramide:TMHI:  Base) 

Base  Used 

Molarity  of 

Picramide, 

mol/L 

%  Yield 
(Total  Product) 

Purity  of 
TATB,»/o 

1 

1 :5  :  10 

NaOMe 

0.13 

89 

>  99 

2 

1:4:8 

NaOMe 

0.11 

82 

>  99 

3 

1:4:8 

NaOMe 

0.22 

86 

=  97 

4 

1:4:8 

NaOEt 

0.22 

80 

=  97 

5 

1  : 2.5  :  5.6 

NaOMe 

0.27 

86 

88 

6 

1  :  3.1  :  8.4 

NaOMe 

0.11 

81 

>  99 

Table  1.  Effect  on  yield  of  TATB  by  varying  quantities  of  reagents. 


In  general,  the  reaction  will  run  efficiently  up  to  0.2  M  picramide  and  using  3  eq.  TMHI.  The 
success  of  the  reaction  seems  most  dependent  on  base,  requiring  8  eq.  to  proceed  efficiently. 

The  yield  and  purity  of  TATB  drop  significantly  if  an  insufficient  excess  of  base  is  used.  It 
was  also  found  that  the  reaction  is  very  sensitive  to  the  quality  of  the  base,  particularly  in  the 
case  of  sodium  methoxide:  older  lots  of  the  base  which  had  been  exposed  to  air,  even  while 
retaining  the  identical  physical  appearance  of  fresh  material,  gave  reduced  yields  (or,  in  the  worst 
case,  no  yield  at  all)  of  TATB. 

Thus  far,  the  largest  scale  attempted  has  been  the  10  gram  level.  The  reaction  appears  to 
scale  linearly,  delivering  82%  yield  of  TATB  at  >99%  purity.  Larger  scale  work  is  currently  in 
progress. 


Methods  of  Quenching  the  Reaction 


All  initial  studies  of  this  reaction  used  either  aqueous  mineral  acid  solutions  or  water  to 
quench  the  reaction  and  induce  precipitation  of  TATB.  This  method  results  in  a  very  small 
particle  size,  on  the  order  of  0.2-1  pm.  It  was  reasoned  that  quenching  with  a  weak  organic  acid 
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in  the  absence  of  water  might  result  in  larger  particle  size.  We  found  that  quenching  with  citric 
acid  monohydrate  in  DMSO  produced  particles  in  the  1-10  |im  range.  A  larger  particle  size  (20 
|im)  has  recently  been  obtained  using  other  organic  acids.’^  It  was  also  noticed  that  the  final 
color  of  the  product  TATB  varied  when  different  quenching  solutions  were  used  (Table  2). 


Entry' 

TMHI  Addition 
Method* 

Quench  Method 

%  Yield 
TATB 

Physical  Appearance 

1 

solid 

aq.  HCl 

— 

Yellow  powder,  >99%  TATB 

2 

solid 

82 

pale  tan-yellow  powder,  >99%  TATB 

3 

in  situ 

86 

pale  tan-yellow  powder,  >99%  TATB 

4 

solid 

citrie  acid/DMSO 

80 

yellow-maize  powder,  >99%  TATB 

5 

in  situ 

citric  acid/DMSO 

86 

yellow-maize  powder,  >99%  TATB 

Notes:  l.  Reaction  conditions  were  2  mmol  picramide,  4eq  TMHl,  8eq  NaOMe  in  20  mL  DMSO. 
2.  See  next  section  for  description  of  TMHI  addition  methods. 


Table  2.  Effects  of  varying  TMHI  addition  method  and  quenching  method. 


In  Situ  Generation  of  TMHI 

Although  TMHI  is  easy  to  prepare  and  handle'^’’^  its  use  in  the  solid  form  requires  an 
additional  synthesis  and  isolation  step,  which  would  increase  the  overall  product  costs  at 
production  scale.  Therefore,  several  experiments  were  condueted  whieh  examined  the  in  situ 
generation  of  the  reagent.  To  accomplish  this,  the  precursor  reagents— 1,1 -dimethylhydrazine 
and  methyl  iodide— were  sequentially  added  to  DMSO  and  allowed  to  react.  Picramide  was  then 
added  to  this  solution,  followed  by  base,  and  the  reaction  was  allowed  to  proceed  as  before. 

This  method  appears  to  give  at  least  as  good  results  as  the  original  method,  and  in  several  cases 
gave  slightly  higher  yields  of  TATB  (Table  2). 
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Quality  of  Starting  Materials 

As  mentioned  earlier,  the  reaction  appears  to  be  very  sensitive  to  the  condition  of  the 
sodium  methoxide.  Several  attempts  at  making  TATB  using  an  older  lot  of  NaOMe  failed,  even 
though  the  base  had  been  stored  in  a  dessicator  and  the  physical  appearance  of  the  base  was  no 
different  from  newer  material  (white,  free-flowing  fine  powder).  Analysis  of  this  lot  of  NaOMe 
revealed  that  much  of  it  had  been  converted  to  sodium  carbonate  by  absorption  of  ambient  CO2 
which  inactivated  it  in  the  VNS  reaction.  Good  yields  (>85%)  were  again  obtained  when  fresh 
NaOMe  was  employed. 

In  a  few  experiments,  there  was  some  variation  in  the  purity  of  the  starting  picramide, 
and  this  appears  to  have  affected  the  final  appearance  of  the  TATB,  even  though  the  TATB 
appears  to  be  chemically  >99%  pure  by  spectroscopy.  The  principal  impurity  in  the  picramide 
was  picryl  chloride  (vide  infra).  Impurity  levels  of  greater  than  a  few  percent  cause  the  product 
TATB  to  darken  and,  of  course,  reduce  the  total  yield  of  TATB  (although  corrected  yields  are 
similar  to  those  using  pure  picramide).  High  levels  of  impurities  in  starting  picramide  also 
change  the  crystal  morphology  of  the  product  TATB. 

Product  Analysis 

Since  TATB  is  nearly  insoluble  in  most  solvents,  simpler  forms  of  chemical  analysis 
such  as  NMR  or  Gas  Chromatography  are  not  practicable.  Therefore,  other  techniques  which 
allow  analysis  of  the  solid  were  investigated.  The  first  of  these  attempted  was  Foxuier 
Transform  Infrared  Spectroscopy  (FTIR).  The  amine  N-H  stretching  modes  in  TATB  produce 
two  characteristic  absorptions  at  approximately  3225  and  3325  cm"',  while  those  for  DATB 
occur  at  3360  and  3390  cm"'.  By  using  Nujol  mull  preparations  for  TATB  samples,  we  have 
foimd  that  DATB  can  be  reliably  detected  at  concentrations  of  1%  or  greater. 

Another  technique  for  TATB  product  analysis  which  we  are  using  is  direct  insertion 
solids  probe  mass  spectrometry  (DIP-MS).  In  this  technique,  a  solid  sample  of  TATB  is  placed 
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in  a  sample  holder  at  the  end  of  a  prohe.  The  probe  tip  is  inserted  into  a  mass  spectrometer,  and 
is  heated  to  cause  the  solid  sample  to  evaporate  into  the  MS  ion  volume,  thereby  allowing 
analysis  of  solids.  Compounds  with  differing  volatilities  will  evaporate  at  different  times  (a 
proeess  known  “probe  distillation”)  and  can  thus  be  resolved  to  some  extent  by  the  MS 
detector.  We  have  found  that  DATB  can  be  reliably  detected  in  a  TATB  sample  at  1% 
concentration,  and  in  some  cases  in  concentrations  as  low  as  0.1%. 

Selected  samples  were  submitted  for  elemental  analysis.  In  early  samples,  the  elemental 
analysis  revealed  that  the  produet  TATB  was  contaminated  with  1-2%  iodine.  Unreacted 
TMHI  as  a  source  of  iodine  contamination  was  ruled  out  as  TMHI  could  not  be  detected  in  the 
TATB  samples  using  mass  spectroscopy.  We  are  examining  the  effects  of  quenching  methods 
on  impurities  such  as  iodine,  chlorine,  etc. 

In  order  to  compare  the  TATB  from  this  VNS  process  to  that  from  more  traditional 
processes,  we  have  also  conducted  DSC,  CRT,  DH50,  spark  and  friction  sensitivity  tests  on  this 
material.  In  general,  results  are  similar  to  those  observed  for  TATB,  exeept  that  thus  far,  the 
DSC  values  run  consistently  low  by  about  20-30  degrees.  This  may  be  an  artifact  of  the  much 
finer  particle  size  produced  by  this  process,  although  to  confirm  this  more  tests  will  be  needed. 


PROCESS  STUDIES  WITH  HYDROXYLAMINE  AS  THE  VNS  AMINATING  REAGENT 

Due  to  the  relative  toxicity  and  cost  of  reagents  used  to  make  TMHI,  we  reinvestigated 
the  use  of  hydroxy  lamine  as  a  VNS  aminating  reagent.  Hydroxylamine  is  in  fact,  the  earliest 
known  example  of  a  VNS  aminating  reagent,'*  although  the  term  “VNS”  was  coined  many 
decades  later. Our  earliest  work  in  aminating  picramide  with  hydroxylamine  was  disappointing 
since  the  reaction  only  provided  DATB  containing  trace  amounts  of  TATB  at  best."  The  poor 
reactivity  of  hydroxylamine  was  independently  confirmed  by  Seko  and  Kawamura  who  were 
unable  to  aminate  nitrobenzene  using  hydroxylamine.*’  The  low  cost  of  hydroxylamine  as  an 
aminating  reagent  initiated  further  investigation  and  recent  work  in  our  laboratories  showed  that 
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hydroxylamine  will  aminate  picramide  to  TATB  at  elevated  temperature  (65-90°C)  to  fiimish 
TATB  (Scheme  3). 


1.  NH2OH-HCI  (5  eq) 
NaOEt  (16  eq) 
DMSO 
65°C 


2. 


Scheme  3.  VNS  Synthesis  of  TATB  using  Hydroxylamine  Hydrochloride. 

Although  the  work  with  hydroxylamine  is  preliminary,  satisfactory  yields  of  TATB  at 
approximately  97%  purity  have  been  achieved.  Thus  far  the  best  results  were  obtained  using 
NaOEt  as  the  base  in  DMSO  at  65°C  for  6-12  hours.  We  are  in  the  process  of  testing  other 
hydroxylamine  salts  and  anticipate  the  purity  of  the  product  will  increase  to  over  99%.  The 
relatively  low  cost  of  hydroxylamine  salts  makes  this  option  very  attractive. 


STUDIES  OF  PICRAMEDE  SYNTHESIS 

As  mentioned  earlier,  picramide  is  no  longer  commercially  available.  Therefore,  as  part  of  this 
project,  we  were  required  to  reinvestigate  methods  for  its  production.  One  simple  method  is 
nitration  of  4-nitroaniline,  an  inexpensive  commodity  chemical  (Scheme  4).'^ 


1.  KNO3,  H2S04 


2.  aq.  NaCI 


Scheme  4.  Synthesis  of  Picramide. 
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Early  studies  in  our  laboratories  using  similar  conditions  gave  good  results,  although 
some  impurities  were  noted,  the  most  significant  being  picryl  chloride.  (The  workup  of 
picramide  is  facilitated  by  the  addition  of  brine,  which  apparently  gives  rise  to  the  picryl 
chloride  impurity.)  In  one  case,  picryl  chloride  was  present  in  up  to  20%  impurity.  Such 
impurities  would  require  expensive  recrystallization  processing,  since  they  affect  the  quality  of 
TATB  produced,  as  discussed  earlier.  However,  our  project  collaborators  at  Pantex  (Mason  & 
Hanger  Corporation,  Amarillo,  Texas)  have  improved  the  process  and  have  prepared  picramide 
in  high  yields  (90%)  and  purity  (>99.5%). 
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DIE  REAKTION  VON  AMMONIAK  MIT  DISTICKSTOFFPENTOXID 


Christian  Frenck*,  Wieland  Janitschek*,  Werner  Weisweiler** 

Abstract 

Since  1849  dinitrogen  pentoxide  (NjOj)  has  been  weil-known  as  a  powerful 
nitrating  agent.  Its  reaction  with  ammonia  (NH3)  leads  to  the  formation  of 
ammonium  nitrate  (AN),  nitramide  (NH2NO2)  and  ammonium  dinitramide  (ADN). 

The  mechanism  of  this  ADN  synthesis  is  described  proposing  a  double  nitration  of 
NH3  via  the  intermediates  nitramide  and  dinitramide  acid.  Due  to  the  catalytic 
decomposition  of  the  intermediates,  H2O  and  N2O  are  formed  as  further  reaction 
products  provable  by  IR  spectroscopy.  In  addition  to  the  well-known  reaction  of 
NH3  with  N2O5  forming  ADN,  nitramide  and  its  decomposition  products,  a  third 
reaction  was  dicovered:  the  reaction  of  NH3  with  N2O5  forming  AN  and  N2O  with 
the  same  stoichiometry  as  it  is  observed  for  ADN  synthesis.  Kinetic  modelling  of 
the  total  reaction  scheme  leads  to  a  equation  for  the  differential  selecticity  of 
ADN.  The  equation  could  be  confirmed  by  experimental  results. 


*  Fraunhofer  Institut  fur  Chemische  Technologie,  Josef-von-Fraunhofer-Str.  7,  76327  Pfinztal 

**  Institut  fiir  Chemische  Technik  an  der  Universitat  Karlsruhe,  Kaiserstr.  12,  76128  Karlsruhe 
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1  Einleitung 

Seit  der  Entdeckung  von  Distickstoffpentoxid  (N2O5)  vor  etwa  1 50  Jahren  wird  es 
haufig  als  Nitrierreagenz  in  der  praparativen  Chemie  verwendet  [1],  [2].  Im 
Vergleich  zu  den  Reaktionen  von  N2O5  mit  organischen  Substraten  ist  uber  die 
Reaktionen  mit  anorganischen  Substraten,  insbesondere  mit  Nichtmetall- 
Verbindungen  wenig  bekannt  [3].  Die  Reaktion  von  Ammoniak  (NH3)  mit 
Distickstoffpentoxid  ist  seit  der  Entdeckung  des  Ammoniumdinitramids  (ADN), 
einem  potentiellen  Oxidator  fur  Raketen-Festtreibstoffe,  von  besonderem 
Interesse. 

2  Die  Reaktionen  von  Ammoniak  mit  Distickstoffpentoxid 

Sainte-Claire  Deville  [4]  beobachtete  die  Bildung  von  Ammoniumnitrat  (AN)  bei 
der  Reaktion  von  N2O5  mit  NH3.  Vast  et  al.  [5]  gelang  die  Synthese  von  Nitramid 
(NH2NO2)  durch  dieselbe  Reaktion  bei  -196°C  in  Ausbeuten  bis  zu  30%: 

2  NH3  +  N2O5  - ►  NH2NO2  +  NH4NO3  Gl.  2-1 

Nach  der  Entdeckung  des  ADN  durch  Tartakovsky  und  Luk'yanov  [6]  gelang 
Schmitt  et  al.  [7]  dessen  Synthese  aus  NH3  und  N2O5: 

4  NH3  +  2  N2O5 - ►  NH4N(N02)2  +  2  NH4NO3  Gl.  2-2 

Die  Ausbeuten  betrugen  bei  Ammoniak-OberschuB  und  einer 
Reaktionstemperatur  zwischen  -20°C  und  -80°C  bis  zu  1 5%. 
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3  Ableitung  eines  Reaktionsschemas 

Bei  den  bisher  bekannten  Reaktionen  von  NH3  mit  N2O5  entstehen  die 
gewunschten  Produkte  Nitramid  bzw.  ADN  in  geringen  Ausbeuten;  als 
Hauptprodukt  entsteht  AN.  Wegen  des  groBen  Interesses  an  ADN  und  der 
einfachen  Einstufen-Synthese  aus  NH3  und  N2OS  ist  die  Erhohiing  der  Ausbeute  ein 
vorrangiges  Ziel  bei  dieser  Methode.  Dazu  ist  das  Verstandnis  der  chemischen 
Vorgange  im  Reaktionssystem  von  Nutzen. 

Schmitt  et  al.  [7]  postulierten  einen  Zweistufen-Mechanismus  zur  Bildung  von  ADN 
uber  Nitramid  als  Zwischenstufe,  die  mit  einem  zweiten  Aquivalent  N2O5  nitriert 
wird.  Bei  einer  Temperatur  unterhalb  von  -120°C  verlauft  diese  Reaktion  sehr 
langsam,  wodurch  Nitramid  aus  dem  Reaktionsgemisch  isoliert  werden  kann. 
AuBerdem  ist  ein  NH3-UberschuB  fur  die  Bildung  von  ADN  notwendig.  Die  Bildung 
von  ADN  ist  demnach  nach  folgendem  Mechanismus  zu  verstehen: 


NH3  +  N205  — 

— ►  NH2NO2  +  HNO3 

Gl.  3-1 

NH2N02+  N205  — 

— HN(N02)2  +  HNO3 

Gl.  3-2 

HN(N02)2  +  NH3  - 

— ►  NH4N(N02)2 

Gl,  3-3 

2HNO3  +  2  NH3 - 

— ►  2  NH4NO3 

Gl.  3-4 

In  diesem  Reaktionsmechanismus  treten  Nitramid  und  Dinitraminsaure  (HDN)  als 
reaktive  Zwischenstufen  auf,  die  sich  zersetzen  konnen  [8],  [9]: 

NH2NO2  - ►  N2O  +  H2O  Gl.  3-5 


saurekat 


HN(N02)2 


N20  +  HN03 


Gl,  3-6 
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Unter  Berucksichtigung  dieser  beiden  Reaktionen  laBt  sich  das  in  Abbildung  3-1 
dargestellte  Reaktionsschema  fur  die  Reaktion  zwischen  NH3  und  N2O5 
formulieren. 


N205 

+  NH3 

ro 

▼ 

NH2NO2  — ^  N20  +  H20 

1 

To’ 

N2O5 

HN(N02)2 

if 

N20  +  HN03 

V 

Nebenreaktion  der  aus  ro,  ro' 

\ 

NH4N(N02)2 

'  und  r2  gebildeten  Salpetersaure: 

HNO3  +  NH3 — 

NH4NO3 

Abbildung  3-1:  Schema  fur  die  Reaktion  von  Ammoniak  und  Distickstoff- 
pentoxid  (n  sind  die  Reaktionsgeschwindigkeiten  der  Teil- 
reaktionen) 

Aus  diesem  Reaktionsschema  sind  die  folgenden  Brutto-Reaktionsgleichungen 
ableitbar: 


Ri  : 

4  NH3  +  2  N2O5 - 

-*-NH4N(N02)2  +  2  NH4NO3 

Gl.  3-7 

R2: 

4  NH3  +  2  N2O5 - 

N2O  +  3  NH4NO3 

Gl.  3-8 

R3: 

2  NH3  +  N2O5  — 

— ►N2O  +  H2O  +  NH4NO3 

Gl.  3-9 
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Wahrend  die  Reaktionsgleichung  R,  der  bereits  bekannten  Reaktionsgleichung  Gi. 
2-2  und  die  Reaktion  R3  der  Brutto-Gleichung  aus  GI.  2-1  und  GI.  3-5  entspricht, 
stellt  die  Reaktion  R2  eine  neue,  bisher  unbekannte  Reaktion  von  NH3  und  NjOj 
mit  der  zur  ADN-Bildungsreaktion  analogen  Stochiometrie  dar. 

4  Kinetische  Modellierung 

Aus  dem  in  Abbildung  3-1  dargestellten  Reaktionsschema  kann  eine 
Modellgleichung  fur  die  ADN-Selektivitat  in  Abhangigkeit  der  Reaktanten- 
Konzentration  abgeleitet  werden.  Fur  die  Reaktionsgeschwindigkeiten  n  konnen 
die  folgenden  Ansatze  erster  Ordnung  bezuglich  der  an  den  Reaktionen 
beteiligten  Reaktanten  machen: 


1.  Nitrierung: 

ro  =  ko  c(NH3)c(N205) 

GI.  (4-1) 

2.  Nitrierung: 

ro.  =  ko.  c(NH2N02)c(N205) 

GI.  (4-2) 

ADN-Bildung: 

r,  =  k,  c(HN(N02)2)  c(NH3) 

GI.  (4-3) 

HDN-Zersetzung: 

r2  =  k2C(HN(N02)2)c(HN03) 

GI.  (4-4) 

Nitramid-Zersetzung: 

r3  =  k3  c(NH2N02)  c(NH3) 

GI.  (4-5) 

AN-Bildung: 

r  =  k  cfHNOa)  c(NH3) 

GI.  (4-6) 

Bei  Gultigkeit  des  Quasistationaritatsprinzips  fur  die  Zwischenprodukte  in 
Gegenwart  eines  Ammoniak-Uberschusses,  laBt  sich  fur  die  Selektivitat  zur  Bildung 
von  ADN  die  folgende  Modellgleichung  ableiten: 


S  = 


d  c(NH4N{N02)2) 


S1S2 
1+  Si 


GI.  (4-7) 


d  c(N205) 
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wobei  fur  die  differentiellen  Selektivitaten 

-1 

Gl.  (4-8) 

Sj  -1  =  ^  (1  +  C  -(4  5,  {Si+1)  +  C  (C+2)  +1)°'=  Gl.  (4-9) 
mit 

k  ki  c(NH3) 

~  ko  kj  c(N205) 

gilt.  Hieraus  wird  deutlich,  daS  die  differentielle  Selektivitat  S  vom 
Konzentrationsverhaltnis,  nicht  jedoch  von  den  absoluten  Konzentrationen  der 
Reaktanten  abhangig  ist.  Die  Parameter 

_  ka  Gl.(4-10) 

k  ki 

kokj  Gl.  (4-11) 

kdnnen  durch  Anpassung  der  Modellfunktion  an  experimentelle  Werte  ermittelt 
werden. 

5  Experimentelle  Untersuchungen 

Zur  experimentellen  Untersuchung  der  Vorgange  im  Reaktionssystem  NH3-N2O5 
wurde  in  Chloroform  gelostes  N2O5  mit  einem  UberschuS  gasformigem 
Ammoniak  in  einem  kontinuierlich  betriebenen  Ruhrkesselreaktor  (280  ml) 
umgesetzt  Die  kristallinen  Reaktionsprodukte  wurden  abfiltriert  und  einer  Fest- 
Flussig-Extraktion  mit  Essigsaureethylester  unterworfen.  Die  Ldsung  wurde 
anschlieSend  im  Vakuum  bis  zur  Trockene  eingedampft,  der  Ruckstand  getrocknet 
und  ausgewogen.  Die  Identifikation  dieses  Feststoffes  und  der  kristallinen 
Raffinatphase  der  Extraktion  erfolgte  mittels  IR-Spektroskopie.  Der  Gasraum  uber 


Si  = 


1  + 


ka  c(NH3) 


ko'  c(N205) 
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der  Reaktionslosung  wurde  wahrend  der  Umsetzungen  IR-spektroskopisch 
analysiert.  Das  nach  der  Filtration  gewonnene  Filtrat  wurde  zunachst  IR- 
spektroskopisch  untersucht,  zusatzlich  wurde  eine  Wasserbestimmung  nach  Karl 
Fischer  [10]  im  Losemittel  sowohl  vor  als  auch  nach  der  Umsetzung  durchgefuhrt. 
Nach  diesen  Untersuchungen  wurde  das  Losemittel  im  Vakuum  verdampft  und  auf 
einen  eventuell  vorhandenen  loslichen  kristallinen  Ruckstand  hin  uberpruft. 

5.1  Identifikation  der  Reaktionsprodukte 

GemaB  dem  Reaktionsschema  entsteht  durch  die  Zersetzung  des  intermediar 
gebildeten  Nitramids  Wasser,  das  in  der  Losung  nachzuweisen  ist.  Der 
Wassergehalt  des  Lbsemittels  andert  sich  durch  die  Umsetzung  jedoch  nur 
unwesentlich  (<  0,01%  vor  bzw.  0,04  %  nach  der  Umsetzung).  Auch  laBt  sich 
Wasser  IR-spektroskopisch  nicht  nachweisen.  Dies  ist  auf  die  hygroskopischen 
Reaktionsprodukte  zuruckfuhren,  die  der  Losung  das  Wasser  und  somit  dem 
Nachweis  entziehen.  Nach  Eindampfen  des  Filtrats  der  Reaktionsmischung 
verbleibt  kein  Ruckstand.  Das  bedeutet,  daB  ebenfalls  kein  Nitramid  nachweisbar 
ist,  was  auf  eine  Reaktion  im  Sinne  von  Gl.  3-9  hinweist.  Die  kristallinen 
Reaktionsprodukte  wurden  als  AN  in  der  Raffinatphase  und  ADN  in  der 
Extraktphase  nach  der  Fest-Flussig-Extraktion  identifiziert.  Die  Analyse  des 
Gasgemisches  uber  der  Reaktionslosung  ergab  neben  der  ebenfalls  in  Losung 
auftretenden  Komponenten  (NH3,  Chloroform)  den  eindeutigen  Nachweis  fur  N2O 
(Abbildung  5-1). 
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2,1 


1,1 


o  1-2 

If 

c 

S  0,8 


0,4 


0,0 


Abbildung  5-1:  IR-Spektrum  von  derZusammensetzung  des  Gasraumes  uber  der 
Reaktionslosung  bei  der  ADN-Synthese  aus  Ammoniak  und  Di- 
stickstoffpentoxid  (bei  Amnnoniak-OberschuB), 

5.2  Bestimmung  der  Produktverteilung 

Mit  den  drei  aus  dem  Reaktionsschema  abgeleiteten  Reaktionsgleichungen  lassen 
sich  die  chemischen  Vorgange  im  System  N2O5-NH3  beschreiben,  wenn  das 
Gleichungssystem  aus  den  Stoffbilanzen  der  Schlusselkomponenten  (N2O5,  AN, 
ADN)  fur  die  Schlusselreaktionen  R,,  R2  und  R3  losbar  ist.  Zudem  laBt  sich  dann  mit 
den  experimentellen  Werten  fur  die  Stoffmengen  in  Abhangigkeit  des 
Konzentrationsverhaltnisses  die  Produktverteilung  bestimmen.  Wie  aus  der 
Abbildung  5-2  hervorgeht,  nimmt  der  Anteil  der  ADN-Bildungsreaktion  (R,)  und 
der  Anteil  der  Reaktion  zu  AN  und  N2O  (R2)  mit  zunehmendem 
Konzentrationsverhaltnis  aus  NHj  und  N2O5  ab.  Dagegen  nimmt  der  Anteil  der 
Reaktion  zu  Wasser  und  Lachgas  (R3)  zu. 
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Abbildung  5-2:  Produktverteilung  als  Funktion  des  Konzentrationsverhaltnisses 
der  Reaktanten. 


5.3  Anpassung  der  Modellgleichung  an  die  experimentellen  Ergebnisse 

Mit  Hilfe  der  Parameter  K,  und  <2  ist  eine  Anpassung  der  Modellgleichung  an  die 
experimentellen  Ergebnisse  moglich.  In  Abbildung  5-3  sind  neben  den 
experimentellen  Werten  und  dem  Graph  der  Modellgleichung  die  differentielien 
Selektivitaten  S,  und  S2  angegeben.  Die  Funktion  der  Modellgleichung  weist  eine 
prinzipielle  Uberinstimmung  mit  dem  Experiment  auf,  Wahrend  fur 
Konzentrationsverhaltnisse  von  c(NFl3)/c(N205)  >  5  ein  uberwiegender  EinfluB 
durch  S,  zu  beobachten  ist,  ist  fur  kleine  Konzentrationsverhaltnisse  S2  fur  die 
Selektivitat  bestimmend.  Die  Abweichung  der  Modellgleichung  von  den 
experimentellen  Werten  betragt  bis  zu  4%.  Diese  Abweichung  ist  auf  die  der 
Modellierung  zugrunde  liegenden  kinetischen  Potenzansatze  zuruckzufiihren,  bei 
denen  die  Konzentrationen  der  Reaktanten  und  Zwischenprodukte  nach  erster 
Ordnung  eingehen. 


Abbildung  5-3:  Abhangigkeit  der  Selektivitaten  S,,  S2  und  S  vom 
Konzentrationsverhaltnis  der  Reaktanten  (Ki  =  0,8  ;  K2=  3,3). 

Ein  verbessertes  Modell  kann  demzufolge  durch  eine  Veranderung  der 
Reaktionsordnung  in  den  reaktionskinetischen  PotenzansStzen  erreicht  werden. 
Diese  Veranderung  fuhrt  zur  EinfOhrung  zweier  zusStzlicher  Parameter  p  und  q. 
Die  Modeilgleichung  iautet  damit 


S  = 


S1S2 

[I+S1I 


mit  den  differentiellen  Selektivitaten 


Si  =[  1+  Ki 


c(NH3)1"-^ 
c(N205)J  ' 


S2  -1  -  -2^  (1  +  C  -  (4  S,  (S1+I)  +  C  (C+2)  +1)°'= 
mit 


k  ki 
ko  k2 


c(NH,) 

C(N205) 


q 
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Eine  erneute  Anpassung  der  Modellgleichung  mit  Hilfe  der  nunmehr  vier 
Parametern  (K,,  K2,  p,  q)  fuhrt  zu  einer  verbesserten  Wiedergabe  der 
experimentellen  Ergebnisse  durch  die  Modellgleichung  (Abbildung  5-4).  Die 
Abweichung  von  den  experimentellen  Ergebnissen  betragt  maximal  1%. 


Abbildung  5-4:  Funktion  der  Selektivitaten  S,,  $2  und  S  vom  Konzentrations- 

verhaltnis  der  Reaktanten  (K,  =  0,25;  K2  =  1 ,8;  p  =  1 ;  q  =  0,01 ). 


6  Zusammenfassung 

Die  Reaktionen  von  Ammoniak  (NI-I3)  und  Distickstoffpentoxid  (N2O5)  werden  seit 
der  Entdeckung  des  N2O5  untersucht.  Neben  Ammoniumnitrat  (AN)  war  bisher  die 
Bildung  von  Nitramid  (NH2NO2)  und  Ammoniumdinitramid  (ADN)  bekannt.  Hiervon 
ausgehend  wurde  ein  Reaktionsmechanismus  abgeleitet,  bei  dem  durch  eine 
doppelte  Nitrierung  des  Ammoniak  uber  Nitramid  und  Dinitraminsaure  als  reaktive 
Zwischenstufen  nach  der  Neutralisation  neben  AN  das  ADN  ensteht.  Die 
Berucksichtigung  der  Reaktionsmoglichkeiten  der  Zwischenstufen  unter  den 
gegebenen  Reaktionsbedingungen  (kat.  Zersetzungsreaktionen)  fuhrte  zu  einem 
Reaktionsschema,  in  dem  neben  den  genannten  Reaktionsprodukten  Lachgas  und 
Wasser  auftreten.  Aufgrund  der  hygroskopischen  Eigenschaften  von  AN  und  ADN 
wird  das  Wasser  der  Reaktionsmischung  entzogen  und  laBt  sich  somit  nicht  in  der 


50  -  12 


Losung  nachweisen.  Dagegen  konnte  das  Lachgas  eindeutig  in  der  Gasphase  uber 
der  Reaktionslosung  wahrend  der  Umsetzung  nachgewiesen  werden.  Aus  dem 
Reaktionsschema  lassen  sich  drei  Reaktionsgleichungen  ableiten.  Wahrend  eine 
Gleichung  der  bereits  bekannten  ADN-Bildungsreaktion  entspricht,  stellt  eine 
weitere  Gleichung  die  Bruttoreaktion  aus  Bildung  und  Zersetzung  von  Nitramid 
dar.  Eine  dritte  Reaktionsgleichung  mit  zur  ADN-Bildungsreaktion  analoger 
Stochiometrie  ist  die  bisher  unbekannte  Reaktion  von  Ammoniak  mit 
Distickstoffpentoxid  zu  Lachgas  und  Ammoniumnitrat.  Eine  reaktionskinetische 
Modellierung  des  Reaktionsnetzwerkes  ergab  eine  zweiparametrige  bzw. 
vierparametrige  Modeilgleichung  fur  die  differentielie  ADN-Selektivitat. 
Untersuchungen  ergaben  eine  gute  Ubereinstimmung  zwischen  Modeil  und 
Experiment  hinsichtlich  der  ADN-Selektivitat. 
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Abstract:  The  synthesis,  reactions  and  crystal  structure  of  Isophthalic  dimethyl  oxaziridinc  are 
presented  here.  Tlic  synthesis  was  carried  out  utilising  hydroxylaminc-O-sulfonic  acid  to  produce  oxaziridinc 
unsubsituted  on  the  nitrogen,  which  was  reacted  in  situ  with  isophthaloyl  dichloride  to  give  the  corresponding 
Isophthatic  dimethyl  oxaziridinc.  It  is  an  analogue  of  Isophthalic  2-mcthyl  aziridinc,  a  product  which  has  been 
used  as  a  bonding  agent  for  Composite  Solid  Propellant.  The  oxaziridinc  was  tested  in  oxidative  reactions  of 
sulfides  to  sulfoxides,  styrene  oxide,  cyclohc.xcnc  to  cyclohcxcne  oxide,  and  l-(2-cyclohexcnyl)-2-propanone  to 
[  1  -(2-cyclohexenyl)-2-propanonc]  oxide. 


Oxaziridincs  are  thrcc-mcmbcrcd  rings  constructed  of  three  kinds  of  atoms  having  different 
electronegativities  in  adjacent  positions.  Oxaziridincs  have  recently  received  attention  as  potential  anti-tumor 
agents  and  as  anologues  of  penicillin'.  They  also  have  been  considered  as  potential  irreversible  alkylating 
inhibitors  of  the  bacterial  serine  D,D-transpcptidasc^ 

The  title  compound  (1)  is  expected  to  be  capable  of  oxidizing  sulfides  lo  sulfoxides  and  epoxidizing 

alkcncs. 

Besides  being  used  as  an  oxidizing  agent,  the  title  compound  is  also  envisioned  lo  be  a  potential 
bonding  agent  for  Rocket  Solid  Propellants. 

Up  to  the  present,  many  bonding  agents,  and  their  mechanism  of  action,  have  been  studied.  Several 
papers  have  been  reported  as  lo  the  action  mechanism  of  bonding  agents,  and  it  was  pointed  out  that  the  bond 
strength  between  AP  and  fiicl-bindcr  is  dominated  by  the  cohesive  strength  of  binder  bulk’’’'  and  wetting 
efficiency  of  binder  prepolymer  on  AP  surface"’’’.  Therefore,  of  particular  interest  is  the  interaction  mechanism 
which  bonding  agents  play  in  the  vicinity  of  the  interface  between  AP  and  fuel-binder.  Oberth’  concluded  that 
the  bonding  agents  act  by  forming  a  tcar-rcsistanl  layer  around  the  filler  particle,  thus  preventing  peel.  Nema’ 
described  that  the  bonding  agents  are  either  chemically  reacting  with  AP  or  being  absorbed  by  secondary 
inicrmolecular  attraction. 

Aziridine  derivatives  arc  known  as  bonding  agents  which  have  a  high  potential  for  improving  the 
mechanical  properties  of  the  propellant  grains  composed  of  the  fuel-binder,  hydroxyl  terminated  polybutadicnc 
(HTPB),  and  the  solid  fillers  ammonium  pcrchorate  (AP)  and  aluminium  powder’.  It  can  be  envisaged  that 
certain  analogues  of  these  derivatives,  such  as  the  oxaziridincs,  will  provide  a  propellant  with  higher 
performance,  due  to  the  oxygen  in  the  three  membered  ring.  The  oxygen  will  increase  the  inlermoiccular 
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allraction  (hydrogen-bonded)  between  the  AP  and  the  bonding  agent,  improving  tlie  nieelianieal  properties  of 
the  propellants. 

Isophthalic  2-methyl  aziridine  (2),  a  3M  product  known  as  HX-752,  has  been  successfully  tested  as  a 
bonding  agent  for  ammonium  perchorate  in  composite  solid  propellants  using  hydroxyl  terminated 
poljbutadiene.  This  paper  reports  to  the  sjnihesis  of  its  analogue,  the  Isophthalic  diincthyloxaziridine  (I),  by 
the  replacing  of  the  N-C-C  group  by  N-O-C  (Figure  1). 


Figure  1  -  Structures  of  Isoplulialic  dimethyl  oxaziridinc  (1)  and  Isophthalic  2-mcthyl  aziridine  (2). 


Results  and  Discussion 

Isophthalic  diincthyloxaziridine  (1)  was  prepared  from  the  coupling  reaction  of  3,3' 
dimethyloxaziridino  with  isophthaloyl  dichoridc  (Scheme  1). 

Scheme  1 


NH2OSO3H  +  S 

HiC  ^NHOSOj' 

y 

0-103:* 

CHj^  XH3 

HJC*^  ^0’ 

*  \ 

OH, 

3,3-Dimclhyl  oxaziridinc  obtained  from  hydroxjIainine-O-sulfonic  acid  and  acetone,  following  the 
method  described  by  Schmitz*,  was  not  isolated  due  to  its  limited  stability  and  it  was  reacted  in  situ  with 
Isophtahloyl  dichloridc  giving  the  desired  o.xaziridinc  (I)  in  moderated  yield. 

This  new  compound  was  well  characterized  in  the  'H-NMR  by  a  singlet  at  1.61  ppm  assigned  to  be  the 
equivalent  methyl  groups.  The  ’^C-NMR  also  showed  a  typical  singlet  at  84.5  ppm  which  is  characteristic  of 


the  oxaziridinc  function. 


51-3 


The  formation  of  oxime  instead  of  oxaziridine  had  to  be  considered  (Scheme  2),  since  the  'H-NMR, 
mass  spectrum  and  elemental  analysis  for  compound  I,  Isophthatic  dimethyloxaziridine  and  compound  3 
(oxime)  could  be  the  same.  However,  the  resonance  of  the  C=N  group  in  the  ”C-NMR  normally  appears  at 
155-165  ppm’ . 


Scheme  2 


NH2OSO3H 


Isophthalic  dimethyl  oxaziridine  was  isolated  as  a  crystalline  solid  which  rccrystallization  from  ethyl 
acetate  and  light  petroleum  ether  (b.p.  60-80'’C),  gave  crystal  of  suitable  quality  for  a  successful  X-ray 
crystallographic  structure  detennination  (Figure  2). 


The  methyl  group  from  both  oxaziridine  rings  in  the  compound  appeared  as  only  one  singlet  at  1.65 
ppm  at  'H-NMR  spectrum,  and  this  indicated  that  the  oxaziridine  ring  is  confonnationally  mobile  and  can 
undergo  a  “flipping”  movement  that  interconverts  the  nitrogen  lone  pair  from  one  side  of  the  XYZ  plane  to  the 
other,  thus  converting  the  molecule  between  its  enantiomer  faster  than  the  NMR  time  scale  (Figure  3). 
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Figure  3  -  Flipping  movement  of  nitrogen  lone  pair. 


The  manufacture  of  the  propellant  using  Isophthalic  dimethyl  oxaziridine  as  a  bonding  agent  for 
composite  solid  propellant  ,  is  in  progress  and  a  comparison  of  the  mechanical  properties  for  propellants 
manufactured  with  Isophthalic  2-melhyI  aziridinc  (2)  and  Isophthalic  dimethyl  oxaziridine  will  be  published 
later. 

The  oxaziridine  was  also  tested  in  the  oxidative  reactions  of  sulfides  to  sulfoxides,  styrene  to  styrene 
o.xide,  cyclohexene  to  Q’clohc.xcne  oxide  and  l-(2-cyclohexcnyl)-2-propanone  to  [l-(-cyclohencnyl)-2- 
propanone]  oxide  (Scheme  3). 

Scheme  3 


O.xaziriUine  ^ 


(not  formed) 


Oxaziridine 


(not  formed) 


The  oxidation  of  methyl  tolyl  sulfide  proceeded  successfully  in  60%  yield.  The  'H-NMR  analysis  and 
mass  spectrum  of  the  resulting  compound  confirmed  the  formation  of  methyl  tolyl  sulfide.  A  strong  band  at 
1039cm''  in  the  IR  spectra  also  indentified  the  presence  of  a  sulfoxide. 

In  the  epoxidation  of  styrene  only  a  low  yield  of  styrene  o.xide  was  fonned  when  the  reaction  was 
refluxed  overnight  in  chloroform,  and  the  reaction  failed  for  the  epoxidation  of  cyclohexcne  and  l-(2- 
cyclohexenyl)-2-propanonc. 
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Future  studies  sliould  possibly  address  the  possibility  of  developing  a  catalytic  system  for  oxidation, 
employing  catalytic  quantities  of  oxaziridine  (Figure  4). 

Rl-S-Rj  „  U  o 

_ ^  R2-  S-  R3  +  \ - NR. 

R 

t  _ I 

Figure  4  -  Catalytic  oxidation  system  for  oxaziridine 


Experimental  Scetion 

Melting  points  were  determined  on  commercially  available  apparatus  (Electrothermal  melting  point 
apparatus),  or  Biichi  510,  and  arc  uncorrcctcd.  Elemental  microanalysis  were  carried  out  using  a  Carlo  Erba 
1106  Elemental  Analyser.  Infrared  spectra  were  recorded  in  the  range  of  4000-600cm'',  using  a  Perkin  Elmer 
1600  FT-IR  spectrophotometer  and  peaks  are  reported  (v,„a.O  in  wave  numbers  (cm'').  Spectra  of  liquid  samples 
were  taken  as  niijol  mulls,  or  in  chloroform  solution,  as  indicated. 

Proton  NMR  ('H-NMR)  spectra  were  recorded  on  a  Jcol  GX  FT-270  (270  MHz)  spectrometer 
although,  where  indicated,  a  Joel  GX  FT-400  (400  MHz)  spectrometer  was  used.  Carbon  13  magnetic 
resonance  ('’C-NMR)  spectra  were  recorded  on  a  Jcol  GX  FT-270  spectrometer  operating  at  67,8  MHz  and 
using  90  and  135  DEPT  pulse  sequences  to  aid  multiplicity  determination.  Chemical  shihs  (5)  are  expressed  in 
parts  per  million  downfield  from  internal  tetramethylsilane  (TMS).  Mass  spectra  were  recorded  using  a  VG 
analytical  7070  E  instrument  with  a  VG  2000  data  sj'stcm.  Elctron  ionisation  (E.I.)  was  produced  using  an 
ionisation  potential  of  70  eV,  Chemcial  ionistion  (C.I.)  was  empolyed  using  isobulane  as  the  reagent  gas 
although,  where  indicated,  ammonia  was  also  used. 

Isophlhalic  dimethyl  oxaziridine  (I).  -  A  solution  of  hydroxylaminc-O-sulfonic  acid  (O.Olmol, 
1.12g)  in  water  (10ml)  and  NaOH  2N  (5ml),  was  added  rapidly  to  a  stirred  solution  of  acetone  (13.6mmol, 
l.Oml)  in  dichloromcthane  (30ml)  and  NaOH  2N  (20ml)  at  2-5'’C.  lininediatcly,  a  solution  of  isophathaloyl 
dichloride  (0.005mol,  l.Og)  in  dichloromcthane  (10ml)  was  added,  and  the  stirring  was  continued  for  an 
additional  10  min.  The  dicholomethane  layer  was  then  separated  and  dried  over  magnesium  sulphate  and 
filtered.  Concentration  on  a  rotating  evaporator  gave  a  white  solid  wich  was  recrystallised  from  ethyl 
acetate/light  petroleum  (b.p.  OO-SO^C)  to  give  colourless  crystals  (0,16g,  6.0%  yield):  m.p.  114-116°C;  Rf  = 
0.27(petrol-elhyl  acetate  4:1);  v„,„(CDCl3)/cm''  1716(C=0),  1432(oxaz.),  1200(P=O);  8h(CDCI3)  1.65(s,  CH3), 
7.66-8.61(in,  Ar-H);  ScfCDClj)  22.14(s,  C-CHj),  85.12(s,  C<„a,.),  128.97,  129.54,  132.07,  133.58(4s,  Ar). 
176.56(s,  C=0);  m/z(C.I.)  277(MH*,  25%);  /h/z(E.I.)  276(Ivr,  2%),  240(M^  -  NOC(CH3)2,  90),  146(62), 
118(100),  90(78),  43(66).  Anal.  Calcd.  for  C,4Hi6N:04:  C,  60.8,  H,  5.8;  N,  10.1:;Found:  C,  60.6,  H,  5.8;  N, 
10.0. 
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ABSTRACT 

The  conditions  of  the  final  stages  of  nitrotriazolone  (NTO)  and  tetraoxadinitraminoisowurtzi- 
tane  (TEX)  syntheses  have  been  experimentally  verified  and  their  effect  on  the  physical  proper¬ 
ties  of  the  above  mentioned  substances.  The  previously  found  correlation  between  F  =  p  ,  (j) 
parameter  and  detonation  enthalpy  H  has  been  confirmed  using  a  series  of  low  -  sensitive 
substances.  This  finding  enables  the  primary  estimation  of  performances  and  sensitivities  for 
new  structures  of  the  substances  of  this  category. 


INTRODUCTION 

During  the  last  tens  of  years,  insensitive  explosives  have  been  receiving  a  great  deal  of  attention 
in  connection  with  low  vulnerability.  Apart  from  the  influence  of  size  and  shape  of  crystals, 
their  defects,  compatibility  with  the  binder  and  physical  states  on  sensitivity  to  various  internal 
stimuli,  such  molecule  structures  are  observed  that  comprise  a  high  energy  content  and  are 
marked  by  a  low  sensitivity. 

A  very  nice  surwey  of  these  types  of  compounds  was  published  by  Doherty  and  Simpson’ 
where,  in  addition  to  basic  characteristics,  the  values  of  performance  and  sensitivity  for  the 
individual  substances  are  given  as  well.  With  the  exception  of  long  known 
triaminotrinitrobenzene  (TATB)  and  nitroguanidine  (NQ),  among  the  suggested  structures 
turned  out  to  be  very  interesting  nitrotriazolone  (NTO)^”*  and  tetraoxadinitraminoisowurtzita- 
ne  (TEX)'*’’  for  their  relatively  simple  and  cheap  preparation  and  acceptable  values  of  their 
performance  and  sensitivity. 


EXPERIMENTAL 

We  have  specified  the  limits  of  the  optimum  conditions  for  the  last  steps  of  synthesis  of  NTO 
and  TEX  considering  both  quality  of  the  products  and  technological  feasibilities. 
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NTO 

Nitration  of  l,2,4-triazole-5one  (TO)  with  nitric  acid^  at  temperatures  above  60°C  leads  to  a 
high  quality  product  (NTO)  but  is  accompanied  with  considerable  flow  of  nitrogen  oxides.  We 
consider  this  procedure  to  be  technologically  unsuitable. 

The  acceptable  course  of  nitration  of  TO  with  nitric  acid’  is  obtained  at  temperature  ranging 
between  20  and  25°C;  the  optimum  HNOj/TO  nitration  ratio  has  been  found  7.7  :  1  .  Nitration 
time  2.5  hours  seems  to  be  sufficient,  the  value  of  dilution  ratio  varies  around  0.5  . 
Crystallization  has  been  carried  out  from  water. 


TEX 

The  initial  compound  for  the  last  stage  of  synthesis  ,  l,4-diformyl-2,3,5,6-tetrahydroxypipera- 
zine  (DFTP),and  glyoxal  react  in  nitric  acid  and  sulphuric  acid  (HNOj  -  H2SO4  mixture)'*  or  in 
nitric  acid  only’  forming  TEX.We  have  found  that  the  procedure'*  in  mixed  acids  leads  to  the 
product  comprising  considerable  quantity  of  acid  in  the  crystal  (1,5  to  2.5%).  Boiling  the 
product  in  water  for  17  hours  results  in  reduction  of  acid  content  to  0.44%  only. 

The  reaction  in  nitric  acid’’  leads,  at  the  same  yield,  to  remarkably  lower  content  of  acid  in 
crystal  (0. 16%)  that  remains  unchanged  even  after  50  hours  boiling  in  water. 

According  to  our  experiments,  the  optimum  conditions  are  as  follows: 

*  DFTP  /  glyoxal  /  HNO3  ratio:  1/0.52/9.5 

*  temperature  :  23  to  27°C 

*  time  interval  of  reaction  24  hours  is  considered  to  be  sufficient 

*  qtilization  of  glyoxal  in  the  form  of  water  solution  leads  to  reduced  yield 


Stability  of  both  compounds  has  been  determined  by  means  of  vacuum  stability  test  and  the 
results  are  given  in  Table  1. 

Table  1  -  Vacuum  Stability  Test  NTO  and  TEX  (  20  hours) 


NTO  fmI.E  ‘1 

TEX  fml.g  *1 

110 

0.06 

0.05 

Sensitivity  of  both  compounds  has  been  determined  by  means  of  the  method  of  gap  test  for 
mixtures  with  trinitrotoluene  (TNT).  The  results  are  given  in  Table  2  where  Pi„ii  is  the 
initiation  pressure  leading  to  detonation  (50%). 
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Table  2  Sensitivity  to  shock  wave  (GAP  TEST) 


Specimen 

Pi„i.  fGPal 

RDX/TNT  (50/50) 

1.662 

3.65 

TNT/NTO  (50/50) 

1.703 

8.60 

TNT/TEX  (50/50) 

1.700 

9.50 

TNT 

1.585 

10.75 

DISCUSSION 

The  last  stage  of  preparation  of  NTO  and  TEX  is  not  complicated  and  due  to  accessibility  of 
the  initial  compounds  it  is  possible  to  obtain  relatively  cheap  products.  Their  stability  and  low 
sensitivity  enable  them  to  be  employed  in  charges  of  low  vulnerability.  It  is,  however,  true 
that  the  performance  of  these  compounds  is  lower  than  this  of  the  commonly  used  explosives 
(RDX,HMX). 

From  the  published  set  of  compounds  we  have  tried  to  form  a  new  idea  of  properties  of  low 
sensitive  molecules  with  a  high  performance,  see  Table  3.  Other  efficient  explosives  are  also 
given  here  for  the  purpose  of  comparison;  marking  of  the  compounds  is  the  same  as  in  the 
quoted  work'. 

For  the  given  set  we  have  calculated  the  Kamlet  parameter  (|)  from  the  equation: 

([)  =  N  .  M''^ .  Q''^ 

where  N  -  quantity  of  gaseous  products  (mol  .g"') 

M  -  mean  molecule  weight  of  the  gaseous  products 
Q  -  heat  of  explosion  (cal.g"') 

From  the  ([i  parameter  and  density  p  we  have  defined  the  F  parameter" 

F  =  p  .  (() 

We  have  verified  the  existence  of  a  very  good  correlation  between  F  parameter  and  specific 
enthalpy  H  expressing  the  working  capacity’  *. 

H  =-0.0847+  1.3771  .  F 

This  equation  holds  good  also  for  compounds  given  in  Table  3.  The  performance  of  the 
explosive  is  known  to  be  dependent  on  the  composition,  heat  of  formation  and  density.  The 
first  two  quantities  are  included  in  cfi  parameter  and  from  Table  3  it  can  be  seen  that  for  each  of 
low  sensitive  substances  4)  <  6  and  a  good  performance  is  gained  due  to  their  high  densities;  the 
substances  with  iji  >  6  are  not  likely  to  belong  among  the  low  sensitive  ones  but  their 
performance  will  be  high.  The  opposite  statement,  of  course,  is  not  possible  to  be  applied;  it 
cannot  be  said  that  all  explosives  with  (ji  <  6  are  insensitive;  there  is  a  series  of  other  factors  that 
define  the  sensitivity  of  the  substance. 
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The  factor  of  great  importance  is  density;  its  value  for  the  substances  given  in  Table  3  is 
altogether  high.  With  one  exception  only,  it  is  a  matter  of  cyclic  substances,  predominantly 
with  heteroatoms  (N,0)  in  basic  structure.  In  cases  of  purely  carbon  structures,  the  molecules 
with  high  density  have  relatively  great  number  of  substituents.  More  significant  differentiation 
can  be  found  at  cage  structures  (CL  -  20,  TEX)  at  which  the  source  of  high  density  seems  to  be 
the  presence  of  heteroatoms  in  the  skeleton;  the  difference  between  densities  is  small  compared 
with  the  number  of  -  NO2  substituents. 

Even  if  the  number  of  potential  candidates  for  low  sensitive  and,  at  the  same  time,  efficient 
explosives  is  relatively  small  (see  Table  3),  it  is  possible  to  imagine  molecules  with  relatively 
low  energetic  content  [ifi  <  6]  but  with  high  crystal  density.  Except  the  known  types  of 
compounds,  other  heterocycles  come  on  offer  as  e.g.  oxaderivatives,  possibly  cage  structures 
comprising  heteroatoms  in  the  basic  skeleton. 
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Table  3  Properties  of  explosives 


AHr 

<l> 

F 

If 

|k.l.ks'| 

1. 

CL-20 

2,03 

415,6 

6,85 

13,91 

19,11 

B 

HMX 

1,90 

92,8 

6,76 

12,85 

17,60 

B 

RDX 

1,80 

60,2 

6,78 

12,20 

16,66 

[H 

LLM-105 

1,91 

13,0 

5,58 

10,67 

14,62 

B 

LAX-112 

1,86 

164,0 

5,58 

10,38 

14,21 

6. 

CL- 14 

1,94 

86,3 

5,30 

14,13 

B 

ADNBF 

1,90 

153,9 

5,41 

14,09 

8. 

TEX 

1,99 

-540,9 

5,07 

10,06 

13,84 

9. 

2,4-DNI 

1,76 

20,5 

10,05 

13,70 

m 

NTO 

1,93 

-130,0 

Bsnn 

9,82 

13,47 

in 

TATB 

1,94 

-139,5 

5,00 

9,70 

13,33 

m 

NO 

1,71 

-92,4 

5,58 

9,54 

13,00 

in 

DAAF 

1,70 

443,5 

5,58 

9,49 

12,92 

m 

DATB 

1,84 

-98,8 

5,07 

9,33 

12,77 

in 

TNT 

1,65 

-75,3 

4,84 

7,98 

10,86 

Abbreviations: 


1.  CL-20 

2,4,6,8, 10, 12-hexanitro-2,4,6,8,10,12-hexaazatetracyclo  [5,5,0,0’'V'"] 
dodekane 

2.  HMX 

1 ,3,5,7-tetranitro- 1 ,3,5,7-tetraazacyclooktane 

3.  RDX 

1 ,3,5-trinitro- 1 ,3,5-triazacyclohexane 

4.  LLM-105  - 

2,6-diamino-3,5-dinitropyrazine- 1  -oxide 

5.  LAX-112  - 

3,6-diamino- 1 ,2,4,5-tetrazine- 1 ,4-oxide 

6.  CL-14 

5,7-diamino-4,6-dinitrobenzofuroxane 

7,  ADNBF  - 

7-amino-4,6-dinitrobenzofuroxane 

8.  TEX 

4,10-dinitro-2,6,8,12-tetraoxa-4,10-diazatetracyclo  [5,5,0,0’'V'"] 
dodekane 

9.  2,4-DNI  - 

2,4-dinitroimidazole 

10.  NTO 

3-nitro- 1 ,2,4-tetrazol-5-one 

1 1 .  TATB 

l,3,5-triamino-2,4,6-trinitrobenzene 

12.  NQ 

nitroguanidine 

13.  DAAF  - 

diaminoazoxyfuroxane 

14.  DATB 

l,3-diamino-2,4,6-trinitrobenzene 

15.  TNT 

2,4, 6-trinitrotoluene 
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Orientation  in  the  nitration  benzoic  acid  in  mixtures 
of  sulfuric  and  nitric  acids. 

Yudin  N.V.,  Zhilin  V.F.,  Zbarskiy  V.L. 

Nitrobenzoic  acid  -  important  initial  substance  for  synthesis  of  various  chemical 
compound,  including  thermally  stable  (triaminotrinitrobenzene)  and  high 
(hexonitrobenzene)  explosive  substances.  The  conditions  of  their  synthesis  are  interesting 
not  only  with  practical,  but  also  from  a  theoretical  point  of  view,  and  thus  the  study  of 
influence  of  various  factors  on  isomer  chemical  composition  of  obtained  products  is  quite 
useful. 

We  canied  out  nitration  of  benzoic  acid  in  acid  mixtures  prepared  from  70-107  % 
H2SO4  with  a  constant  low  concentration  of  nitric  and  henzoic  acids.  Isomeric  composition 
of  the  obtained  products  was  determined  by  the  method  GLC  and  HPLC.  The  outcome  of 
the  experiments  is  partially  represented  on  the  figure  : 

Content  of 


Dependence  contents  orto-isomer  from  concentration  H2S04,  %,  with  23“C. 

As  one  can  see  from  the  figure  raise  of  concentration  sulfuric  acid  in  an  indicated 
interval  the  diminution  content  of  o-nitrobenzoic  acid  in  a  nitration  product  from  20,2  % 
down  to  5,2%  .  However  the  speed  of  a  reaction  in  oleum  area  is  considerably  reduced. 
Can  be  explained  by  assumption  that  benzoic  acid  is  nitrationed  in  three  forms:  by 
molecular  (site  a-a*  on  figurel),  protonated  (b-b  *)  and  acyl  cation  (d).  On  the  figure 
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demonstrate  the  results  of  calculation  on  the  basis  of  the  mathematical  model  composed 
because  of  the  chemical  scheme  : 


h-COOH  ■ 


Ph-COOH, 


Ph-CO 


NO^-Ph-COOH 

The  obtained  results  show  possibility  to  control  isomeric  structure  of  nitration 
products  of  oxygen-containing  aromatic  compounds  (on  example  benzoic  acid  at  the 


expense  changing  of  medium  acidity  .) 
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NOVEL  ENERGETIC  MACROCYCLIC  SYSTEMS  OF  FURAZAN  SERIES 

Lyudmila  V.Batog,  Lidiya  S. Konstantinova,  Vladimir  Yu.Rozhkov,  Oleg  V.Lebedev, 

Margarita  A.Epishina,  Nina  N.  Makhova,  Tgor  V.  Ovchinnikov.  Lenor  LKhmel’nitskii'®' 

N.D.Zelinsky  Institute  of  Organic  Chemistry  Russian  Academy  of  Sciences,  Leninsky  pr,  47, 
117913,  Moscow,  Russian  Federation.  Fax:  +  7  095  135  5328;  E-mail:  mnn@cacr.ioc.ac.ru 

ABSTRACT 

This  work  deals  with  the  synthesis  and  characterization  of  new  macrocyclic  systems 
containing  different  amounts  of  diazeno-  and  diazenoxydofurazanyl  units  (2-8)  as  well  as  diazeno- 
and  diazenoxydodifurazanyl  units  (2-3).  Macrocyclic  derivatives  with  diazenofurazanyi  fragments 
were  for  the  first  time  synthesized  by  oxidative  macrocyclocondensation  of  various  diamines  of 
furazan  series:  3,4-diaminofurazan,  4,4’-diamino-3’3-diazenofurazan  and  diaminodifurazanyl 
under  action  of  different  oxidizers.  Macrocycles  with  diazene  oxide  groups  were  obtained  by  two 
ways:  by  oxidation  of  diazene  groups  in  polydiazenofurazanmacrocyclic  derivatives  and  by 
oxidative  macrocyclocondensation  of  furazan  diamines,  already  containing  diazene  oxide 
fragments.  Some  characteristics  of  compounds  obtained  were  studied  and  it  was  shown  that 
specific  features  of  these  structures  are:  the  high  thermic  stability  (about  200  °C),  the  high 
formation  enthalpy  (700-1200  Kcal/kg)  and  the  quite  high  density  ( 1. 7-1.93  g/cni). 
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INTRODUCTION 

Furazan  derivatives  for  a  long  time  have  occupied  an  important  place  among  other  nitrogen 
heterocycles  as  prospective  components  of  high  energetic  materials.  It  is  associated  with  their 
thermic  stability,  positive  formation  enthalpy  and  presence  of  active  oxygen  atom  inside  the  cycle.  A 
special  interest  in  furazan  derivatives  stands  with  explosophoric  groups,  e.g.  nitro,  nitroxy,  diazene 
and  diazene  oxide  groups.  From  these  groups  the  two  latters  make  essential  especially  high 
contribution  to  the  formation  enthalphy  of  corresponding  molecules.  According  to  calculated  data 
the  macrocyclic  systems  of  furazan  series,  containing  diazene  and  diazene  oxide  groups  in 
macrocycle  have  the  particulary  high  characteristics  [1].  The  key  purpose  of  this  work  consisted  of 
the  search  of  the  approaches  to  design  of  macrocyclic  compounds  containing  both  diazeno-  or 
diazenoxydofurazanyl(difurazanyl)  units  as  well  as  both  these  units  with  different  sequence. 

SYNTHESIS 

As  the  main  approach  to  design  of  title  macrocyclic  systems  the  interaction  of  furazan  series 
diamines  with  different  oxidizers  [Pb(OAc)4,  its  mbtture  with  Bu4NBr,  dibromoisocyanurate  (DBI) 
and  different  hypohaliets]  was  studied.  4,4’-Diamino-3,3’-azofurazan  (DAAF),  3,4-diaminofurazan 
(DAF)  and  4,4’-diamino-3,3’-difurazanyl  (DADF)  were  used  as  the  starting  diamines.  The 
investigations  were  started  from  Pb(OAc)4  .  It  was  shown  that  the  treatment  of  DAAF  with  this 
oxidizer  in  chloro-  and  o-dichlorobenzenes  at  high  temperatures  gives  5-[4amino-l,2,5-oxadiazol-3- 
yl]-5H-[1.2.3]triazolo[4.5-c][1.2.5]oxadiazole  1  as  a  result  of  intramolecular  cyclisation  involving 
the  deazene  fragment  and  one  of  amino  groups  of  DAAF  [2].  The  oxidation  of  DAAF  with 
Pb(OAc)4  in  the  presence  of  Bu4NBr  (Br'  or  NaOBr)  results  in  essential  change  in  the  reaction 
pathway:  instead  of  1,  previously  unknown  macrocyclic  compounds  2-4  are  formed,  products  of 
intermolecular  oxidative  condensation  of  two,  three  and  four  DAAF  molecules,  respectively 
(Scheme  1)  [3].  The  macrocyclocondensation  of  DAAF  occurs  at  room  temperature  in  aprotonic 
solvents  (MeCN,  EtOAc,  CH2CI2,  CaHe).  Macrocycle  2  is  a  main  reaction  product  and  can  be 
isolated  in  60-70%  yields,  while  compounds  3  and  4  are  formed  under  the  condition  studied  only  in 
small  quantities  and  can  be  isolated  in  <  1%  yields. 
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In  addition  to  DAAF,  we  also  studied  the  reaction  of  DAF  with  Pb(OAc)4  in  the  presence  of 
Bu4NBr.  This  reaction  results  in  a  mixture  of  macrocycles  not  only  with  an  even  number  of 
diazenofurazan  units,  as  is  the  case  in  the  cyclocondensation  of  DAAF  (compounds  2-4),  but  also 
with  an  odd  number  of  diazenofurazan  units,  macrocycles  5  and  6.  It  should  be  noted  that  tetracycle 
2  again  predominates  in  this  reaction  (Scheme  1)  [3]. 


Scheme  1.  Oxidizer  -  Pb(OAc)4 


As  seen  from  above  mentioned  data  Pb(OAc)4  is  suitable  only  for  the  synthesis  of  compound 
2.  The  more  convenient  oxidizer  for  the  preparation  of  other  macrocycles  proved  to  be 
dibromoisocyanurate  (DBI).  At  first  we  have  used  this  oxidizer  for  the  intramolecular  cyclization  of 
4,4’-bis(4-aminofurazanyl-3-azo)-3,3’-azofurazan  7  to  macrocycle  2  [4].  The  oxidative 
cyclocondensation  of  DAF  and  DAAF  under  the  action  of  DBI  has  been  studied  in  different 
solvents  (MeCN,  C6H6,  CH2CI2,  MeOH  and  different  their  mixtures).  It  was  shown  that  the  results 
of  oxidation  with  this  reagent  depend  significantly  on  the  type  of  solvent,  the  diamine:  DBI  ratio 
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and  their  concentrations.  The  reaction  of  DAAF  with  a  2.5-6-fold  excess  of  DBI  in  MeCN  affords  a 
mixture  of  macrocycle  2-4  with  an  even  number  of  diazenofurazan  fragments.  Under  the  same 
conditions,  DAF  affords  a  mixture  of  these  compounds  with  macrocycles  5  and  6  containing  an  odd 
number  of  diazenofurazan  fragments  (5  and  7,  respectively),  with  compound  2  predominating 
substantially  in  the  reaction  products  (Scheme  2)  [5].  Variing  the  amount  of  a  solvent,  we  found 
both  conditions  that  allow  to  obtain  tetradiazenofurazan  macrocycle  2  in  a  preparative  yield  (88%) 
and  conditions  that  increase  the  yield  of  macrocycles  with  six  and  eight  diazenofurazan  units  3  and  4 
to  35%  and  8%,  respectively.  It  has  been  established  that  carrying  out  the  reactions  in  considerably 
more  concentrated  (10-15  times)  solutions  than  are  needed  for  the  preparation  macrocyccle  2 
favours  the  formation  of  macrocycles  with  the  number  of  diazenofurazan  units  >4. 

The  reaction  of  DAAF  with  a  two-fold  excess  of  DBI  in  MeCN  or  with  its  1.7-3-fold  excess 
in  other  solvents  resulted  in  the  formation  a  mixture  of  tetracycle  2  and  a  linear  product  of  the 
oxidative  dimerisation  of  DAAF  -  compound  7  in  a  15%  yield.  When  the  reaction  with  DAF  was 
carried  out  in  MeOH  and  DBI  was  added  in  portion  three-membered  macrocycle  5  was  formed  with 
12.5%  yield  (Scheme  2)  [5]. 
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Scheme  2.  Oxidizer  -  DBI 


DBI  was  also  used  for  the  oxidative  cyclocondensation  of  diaminodifurazanyl  (D.ADF).  The 
reaction  DADF  with  DBI  in  MeCN  resulted  in  synthesis  of  macrocycles  8  and  9.  Both  compounds 
formed  simultaneously  with  similar  yields  (32.5  and  28%,  respectively)  (Scheme  3)  [6],  The 
formation  of  macrocycles  with  more  than  three  subunits  in  this  reaction  is  according  to  '^C  NMR 
data  for  the  third  fraction,  which  was  isolated  in  a  small  yield  by  preparative  chromatography  of  the 
reaction  mixture.  In  this  spectrum  there  are  resonance  signals  due  to  carbon  atoms  in  the  same 
region  as  for  8  and  9.  The  structure  of  compound  8  was  confirmed  by  X-ray  analysis  [7], 


Scheme  3. 
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During  the  study  of  DAAF  and  DAF  oxidation  under  action  of  Pb(OAc)2  it  has  been 
proposed  that  acetyl  hypobromite  (AcOBr)  is  the  oxidizer  that  directly  reacts  with  these  diamines 
[3],  In  order  to  confirm  this  assumption,  we  studied  the  possibility  of  oxidative 
macrocyclocondensation  of  DAAF  and  DAF  under  the  action  of  AcOBr  and  other  hypohaliets 
(NaOBr,  AcOCl  and  NaOCl).  It  was  shown  that  the  reactions  of  these  diamines  with  AcOBr  or 
NaOBr  (high  excess)  in  MeCN  or  EtOAc  and  DAAF  with  the  same  hypobromites  in  aqueous- 
methanol  solution  result  in  the  cyclocondensation  of  both  diamines  to  form  polydiazenofiirazan 
macrocycles  2-4  from  DAAF  and  macrocycles  2-6  from  DAF.  It  is  noteworthy  that  the  formation  of 
the  four-membered  macrocycle  2  is  the  preferential  process  under  the  conditions  studied  upon  both 
the  action  of  DBI  and  Pb(OAc)2  with  Bu4NBr.  The  study  of  the  oxidation  of  the  DAAF  in  AcCN  by 
a  small  excess  AcOBr  (1:4)  showed  that  DAAF  did  not  react  completely  under  this  conditions, 
cyclocondensation  occurred  only  insignificantly  (6%)  and  linear  product  7  was  isolated  in  a  yield  of 
37%.  The  same  product  and  DAAF  were  found  in  the  oxidation  of  DAF  by  hypobromites  [8]. 

The  study  of  the  reactions  of  DAAF  and  DAF  with  hypochlorites  (AcOCl,  NaOCl)  in 
aqueous-organic  (MeCN,  EtOAc)  media  allowed  to  establish  that  the  reactivities  of  these  diamines 
with  respect  to  hypochlorites  differ  substantially.  Macrocycle  2  was  mainly  obtained  from  DAAF, 
while  the  reaction  of  DAF  resulted  in  the  formation  of  the  previously  unknown  compound 
difurazano[c,g]-l,2,5,6-tetrazocine  10  as  a  sole  reaction  product,  the  result  of  the  oxidative 
cyclocondensation  of  two  DAF  molecules  [8].  The  formation  of  dimer  10  agrees  with  calculations 
made  on  the  electrostatic  potantials  and  relative  energies  of  the  hypothetic  structures  10  and  11  [9]. 
According  to  these  calculations,  structure  10  should  have  the  form  of  a  “boat”  with  a  cis- 
configuration  of  the  furazan  units  relate  to  the  diazene  bridges.  These  calculations  showed  that 
structure  10  is  considerably  more  energetically  favourable  (by  33  Kcal/mol)  than  pentalene 
structure  11.  In  the  aromatic  series  the  pentalene  structure  13  is  thermodynamically  prefered  for  the 
isomeric  compound  dibenzo(c,g]l,2,5,6-tetrazocine  12  [10].  The  inversion  dependence  observed 
for  the  corresponding  difurazano  derivatives  10  and  11  is  likely  to  be  related  to  the  instability  of  the 
system  consisting  of  four  fused  five-membered  polyheterocycles.  Macrocycle  10  is  not  formed  from 
DAAF,  in  which  furazan  cycles  have  tra/w-configuration  to  the  diazene  fragment.  It  is  likely  its 
formation  from  DAF  carries  out  by  another  way  (Scheme  4)  [8]. 
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Scheme  4.  Oxidizers  -  hypochlorites. 

Among  various  chemical  transformations  of  the  synthesized  macrocycles,  the  possibility  of 
oxidation  of  the  diazene  fragments  into  diazene  oxides  ones  was  tested.  For  this  transformation  to 
proceed  was  found  to  require  quite  severe  conditions  (Karo  acid  in  20%  oleum).  The  oxidation  of 
macrocycle  2  was  studied  especially  in  detail.  Since  this  compound  incorporates  four  diazene 
groups,  its  oxidation  can  lead,  in  principle,  to  several  species  differing  either  in  the  number  of 
diazene  oxide  groups  (if  the  numbers  of  these  groups  are  the  same)  or  in  the  position  of  the  N-oxide 
oxygen  atoms  with  respect  to  the  same  furazan  rings  (whether  it  is  distal  or  proximal)  and  in  their 
spatial  arrangement  with  respect  to  the  macrocycle  (directed  inwards  or  outwards).  It  was  shown 
that  oxidation  of  the  macrocycle  2  under  action  of  Caro  acid  in  oleum  results  in  the  conversion  of 
all  four  diazene  groups  into  diazene  oxides  those  with  formation  of  macrocycle  2a  (Scheme  5)  [11]. 
Apart  from  compound  2a,  compound  2b  with  one  diazenofurazan  and  three  diazene  oxide  furazan 
units  was  isolated  in  5%  yield.  The  tetraoxide  molecule  consists  of  planar  furazan  rings  joined  by 
strictly  alternating  diazene  oxide  bridges.  This  macrocycle  is  nonplanar:  the  furazan  rings  are 
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rotated  with  respect  to  one  another  through  angles  of  1 1.7,  6.7,  10.1  and  13.9°  and  the  azo  bond  in 
each  diazene  oxide  furazan  fragment  occurs  in  the  'sc-ap  and  "sp-ap  orientation  with  respect  to  the 
nearest  C=N  bond  of  the  furazan  ring  [11]. 

The  same  oxidative  mixture  was  used  for  the  oxidation  of  the  diazenes  groups  into  diazene 
oxides  ones  in  macrocycle  8.  Both  diazene  groups  in  compound  8  are  subjected  to  oxidation, 
resulting  in  a  mixture  of  isomeric  diazene  oxide  derivatives  8a, b  in  the  ratio  1 : 1  (Scheme  3)  [6]. 

To  synthesize  macrocyclic  systems  with  an  a  fortiori  known  sequence  of  oxygen  atoms  in 
the  diazene  oxide  groups,  oxidation  of  diamines  14  and  IS  through  the  action  of  DBI  was  studied. 
We  found  that  the  diamine  14  undergoes  intramolecular  oxidative  cyclization  to  give  dioxide  2c 
whereas  in  the  case  of  the  diamine  15,  intermolecular  cyclocondensation  occurs  yielding  two 
isomeric  compounds,  namely,  the  dioxide  2c  (as  the  major  product)  and  dioxide  2d  with  another 
orientation  of  N-oxide  groups  [11]. 

The  most  part  of  macrocycles  obtained  and  some  their  characteristics  are  presented  in 
Table.  As  seen  from  table  data  these  novel  energetic  macrocyclic  systems  of  furazan  series  have  the 
high  formation  enthalphy,  the  high  melting  points  and  rather  high  density. 


Table 

Some  characteristics  of  compounds  obtained 


1  1 

Compounds 

M.p. 

°C 

P  , 

g/cm 

AH,° 

Kcal/kg 

(calculate 

d) 

1 

2 

210* 

1.80 

1093.0 

2 

3 

280* 

1.74 

1093.0 

3 

4 

246* 

1.70 

1093.0 

4 

5 

116-117 

1.69 

1093.0 

5 

8 

220 

1.80 

1095.0 

6 

9 

300 

1.77 

1046.0 

7 

10 

232* 

1.69 

1093.0 

8 

2a 

234-235 

1.94 

796.2 

9 

2c 

144-145 

1.75 

967.3 

10 

2d 

105-106 

1.75 

967.3 

11 

mixture 

8a, b 

137-140 

1.86 

964.5 

)  with  decomposition 
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Scheme  5. 
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ABSTRACT 

nis  work  deals  with  differenl  synihetic  ways  for  the  fornmiion  of  trhiilromelhyl  (TNM) 
derivatives  of  aromatic  and  heteroaromatic  systems,  that  were  developed  at  the  N.D.ZeUn.sky 
Institute  of  Organic  Chemistry.  To  obtain  of  TNM-arenes  the  interaction  of  N2O4  with  nitro-  and 
dinitromethyl(DNM)arenes  as  well  as  with  aromatic  aldehyde  oximes  were  used.  TNM-hetarenes 
were  obtained  through  the  interaction  of  N2O4  with  heteroaromatic  carboxaldehyde  oximes  and 
de.structive  nitration  of  the  dicarboxymethylene  fi'agment  connected  with  heterocyclic  compounds. 
As  a  result  of  these  investigations  a  wide  range  of  benzene,  toluene,  imidazole,  thiophene,  pyridine 
and  1,3,5-triazine  TNM  derivatives  were  .synthe.sized,  including  bis-  and  Iri.s-TNM  derivatives  of 
benzene,  toluene  and  1,3,5-lriazine.  Some  characteri.stics  of  their  compounds  were  also  .studied. 
Among  the  compounds  obtained  there  are  .structures  with  zero  oxygen  balance,  oxidant.s, 
hydrogenfree  and  high  density  compounds.  Calculations  of  density,  enthalpy  formation  and 
detonation  velocity  of  obtained  compounds  and  were  carried  out.  Experimental  and  calculated 
data  proved  to  be  in  a  good  correlation. 

INTRODUCTION 

The  trinitromethyl  (TNM)  group  connected  directly  with  aromatic  and  heteroaromatic  rings 
has  been  used  for  the  energetic  materials  design  during  many  years.  Its  introduction  to  the  molecule 
is  practically  equivalent  to  the  introduction  of  two  nitro  groups  (  one  nitro  group  is  necessary  for 
full  oxidation  of  the  TNM  group  carbon  atom).  The  replacement  of  part  of  aromatic  ring  carbon 
atoms  by  heteroatoms,  e  g.  nitrogen  ones,  could  serve  as  an  indirect  way  for  increasing  the  oxygen 
balance.  Introduction  of  TNM  groups  to  nitrogen  heterocycles  could  lead  to  structures  with  a  high 
content  of  oxygen,  including  oxidants.  So  the  key  objective  of  this  work  is  the  development  of  the 
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methods  for  the  preparation  of  TNM-arenes  and  TNM-hetarenes  along  with  the  study  on  some  of 
their  characteristics. 


SYNTHESIS  OF  TNM-ARENES 

The  reaction  ofN204  with  salts  ofDNM-arenes  is  a  known  method  for  the  preparation  of 
TNM-arenes  [1,2],  In  its  turn,  the  key  method  for  the  synthesis  ofDNM-arenes  is  the  reaction  of 
N2O4  with  aromatic  carbonyl  compounds  oximes  [3,4a-d].  However  literature  data  on  the  direct 
transformation  of  these  compounds  into  TNM-arenes  was  lacking  till  our  works.  Besides,  TNM- 
arenes  with  two  or  three  TNM  groups  in  one  molecule  were  not  described.  To  develop  the  method 
for  the  preparation  of  such  compounds  we  studied  in  detail  the  interaction  of  N2O4  with 
nitromethyl(I)-  and  DNM(2)-arenes  as  well  as  with  aromatic  carbonyl  compounds  oximes  (3)  [5- 
1 1].  As  a  results  of  these  investigations  it  was  stated  that: 

•  Nitromethylarenes,  especially  their  salts  la,  yield  a  mixture  of  the  compounds  (DNM-  and  TNM- 
arenes  and  arylnitrolic  acids)  in  this  reaction,  though  one  of  these  compounds  can  be  mainly 
obtained  by  the  alternation  of  reaction  conditions.  Arylnitrolic  acids  4  were  the  key  products  in 
the  reaction  of  la  with  N2O4  at  low  temperature  and  DNM-arenes  2  were  obtained  at  high 
temperature  and  in  the  excess  of  N2O4.  Heminal  nitronitroso  derivatives  5  were  isolated  with  low 
yield  during  the  investigation  of  these  reactions  [10],  Compound  5  is  likely  to  be  a  precursor  of 
both  DNM-arenes  2  and  arylnitrolic  acids  4. 

•  Arylnitrolic  acids  4  give  TNM-arenes  7  with  a  high  yield  by  the  interaction  with  N2O4,  however 
DNM-arenes  2  do  not  enter  the  reaction  with  this  reagent.  Precursors  of  TNM-arenes  7  are 
probably  arylnitrolic  acids  4.  We  carried  out  a  search  of  the  best  method  for  the  preparation  of  4 
and  found  that  such  method  is  the  interaction  of  aromatic  carbonyl  compound  oximes  3  with  0.5 
mole  of  N2O4  in  ether  [9]. 

•  TNM-Arenes  can  be  obtained  in  a  om-pot  reaction  from  aromatic  carbonyl  compound  oximes  3 
and  N2O4.:  at  first,  0,5  mole  of  N2O4  was  added  to  solution  (or  suspension)  of  3  in  ether  at  low 
temperature  and  than  an  excess  of  N2O4  in  dichloroethane  was  used  at  50  °C  [9]. 

A  general  scheme  for  the  preparation  of  TNM-arenes  7  was  proposed  based  on  the  results 
obtained  and  literature  data  (Scheme  1).  Consequently  TNM-arenes  7  can  be  obtained  by  the 
interaction  of  N2O4  with  nitromethylarenes  salts  la,  DNM-arenes  salts  2a,  arylnitrolic  acids  4  and 
aromatic  carbonyl  compound  oximes  3.  All  the  Compounds  were  isolated  for  the  exception  of 
aryidinitronitrosomethanes  6  that  had  been  assumed  as  direct  precursors  of  TNM-arenes  7. 
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Scheme  1 
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Compounds  6  were  identified  when  the  reaction  of  DNM-arenes  salts  2a  with  N2O4  was 
studied  by  'H,  ’’C  and  '‘'N  spectroscopy  in  the  temperature  range  from  -40  to  -20  “C.  Becides 
ethoxycarbonyldinitromethane  and  dinitroethane  sodium  salts  2b, c  were  studied  in  the  same 
reaction  [  1 2, 1 3],  Analysis  of  the  dynamics  of  NMR  spectra  and  nature  of  the  final  reaction  products 
showed  that  the  first  step  of  the  interaction  of  2a  with  N2O4  was  nitrosylation  of  the  dinitromethane 
anion  to  form  dinitronitrosomethylene  compounds  6a-c  irrespective  of  substituents.  The  stmcture 
of  6a-c  was  confirmed  by  spectroscopy  and  blue  color  of  their  solutions,  and  dinitronotrosoethane 
6c  was  isolated. 

The  reaction  not  interrupted,  futher  transformation  of  DNM-arene  sodium  salts  6a  was 
irreversible  oxidation  by  N2O4  to  produce  TNM-arenes  7.  If  the  reaction  of  N2O4  with  salts  6a  was 
interrupted  after  10  minutes,  the  key  products  were  benzonitrile  oxides  8  followed  by  their 
cyclodimerization  to  yield  furoxans  9  (Scheme  2).  Thus  the  reaction  of  DNM-arene  salts  with  N2O4 
can  serve  as  both  a  method  for  the  synthesis  of  TNM-arenes  7  and  a  new  technique  for  generating 
nitrile  oxides  8  and  obtaining  corresponding  furoxans  9. 
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Scheme  2. 
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However  the  method  for  the  synthesis  of  TNM-arenes  7  and  furoxans  9  from  DNM-arene 
salts  2a  and  N2O4  has  some  constraints  -  TNM-arenes  and  furoxans  are  not  formed  in  the  presence 
of  o-substituents  near  the  DNM-group.  2,4,6-Trinitrophenyl(Pic)DNM  sodium  salt  2d  gives  only 
corresponding  nitrile  oxide  8d.  Neither  bis(Pic)furoxan  9d  nor  Pic-TNM  7d  were  obtained. This 
might  be  connected  with  a  steric  hindrence  arising  due  to  two  o-nitro-groups.  The  interaction  of 
2,4,6-trinitrophenyl  carboxaldehyde  oxime  3d  gives  only  Pic-nitrolic  acid  4d  (Scheme  3). 

To  obtain  bis(lO)-  and  tris-TNM(Il)-arenes  from  corresponding  bis-  and  tris-oximes  3e,f,  it 
was  necessary  to  transform  the  latter  into  corresponding  bis-  and  tris-nitrolic  acids  4e,f,  though  the 
transformation  of  three  oxime  groups  needs  more  than  0.5  mole  of  N2O4.  But  the  excess  of  N2O4 
leads  to  the  undesirable  formation  of  DNM-derivatives.  This  opposition  was  overcome  by  the  use 
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Scheme  3 


3il  4tl 


of  solvents  inclined  to  the  complex-formation  with  N2O4  -  dioxane  or  acetonitrile.  Such  method 
allowed  to  increase  the  concentration  values  of  N2O4  without  the  DNM-arenes  formation  and,  for 
the  first  time,  to  obtain  bis-  and  tris-TNM-arenes  -  l,3-bis(trinitromethyl)benzene  lOa,  3,5- 
bis(trinitromethyl)toluene  10b  and  tris(trinitromethyl)benzene  (or  nonanitromesitilene)  11  (Scheme 
4). 

Scheme  4 
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SYNTHESIS  OF  TNM-HETARENES 


Thiophene-  and  imidazoIe-2-carboxaldehyde  oximes  12a, b  in  contrast  to  arylaldoximes 
enter  readily  the  reaction  with  N2O4  to  yield  TNM-derivatives  with  simultaneous  nitration  of  the 
heteroaromatic  cycle  [14,  15],  Nitration  proceeds  even  in  positions  which  are  usually  inert  to 
electrophylic  substitution  reaction,  e  g.,  in  position  2(4)  of  the  imidazole  ring.  3,4-Diiiitro-2- 
(trinitromethyl)thiophene  13  and  a  mixture  of  4(5)-nitro-and  2,4(5)-dinitro-2- 
(trinitromethyl)imidazoles  14a, b  were  obtained  in  good  yields.  Natural  antibiotic  azomichine  15  was 
synthesized  during  these  investigation. 

Furfuryl  aldoxime  16  also  interacts  readily  with  N2O4.  though  in  this  case  bis-(3,5- 
dinitrofurfur-2-y!)furoxan  9e  is  obtained  instead  of  the  TNM  derivative.  Evidently  this  reaction 
proceeds  over  intermediate  furfuryl  nitrile  oxide  8e.  Nitration  of  the  heterocycle  takes  place, 
nevertheless  .  Pyridine-2-  carboxaldehyde  oxime  17  gives  only  TNM  derivative  18.  It  should  be 
noted  that  the  interaction  of  17  with  N2O4  could  evidently  proceed  by  over  two  different 
intermediates  -  nitrolic  acid  4g  and  DNM  derivative  2g,  because  of  both  these  compounds  are 
internal  salts  and  structure  intermediate  product  does  not  matter  [14]  (SchemeS). 

Schemes 


N  X'(N02)3 
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2,4,6-Tris(trinitromethyl)-l,3,5-triazine  20  was  obtained  by  another  method  -  destructive  nitration 
of  the  carboxyl  groups  to  trinitromethyl  entities  in  2,4,6-tris(dicarboxymethylene)-l,3,5-triazine  19 
by  action  of  concentrated  HNO3  [16],  Compound  20  is  an  oxidant  and  has  high  density  -  2.00 
g/cm^  but  it  is  unstable  in  the  air  and  so  is  preferably  stored  as  a  solution  in  absolute  CCI4  at  5-10 
°C.  When  undried  dioxane  is  added  to  the  solution  of  20  in  absolute  CCI4  one  trinitromethyl  group 
is  subjected  to  nucleophilic  substitution  by  hydroxyl  one  due  to  water  present  in  dioxane.  2- 
Hydroxy-4,6-bis(trinirtomethyl)-l,3,5-triazine  formed  was  isolated  as  a  stable  complex  21  with 
dioxane  in  the  ratio  2:1  mol  (Scheme  6).  The  structure  of  this  complex  was  determined  by  X-ray 
analysis. 

Scheme  6 
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PROPERTIES  OF  SYNTHESIZED  COMPOUNDS 
In  this  section  of  paper  the  inclination  to  hydrolysis  and  thermic  stability  as  weel  as 
detonation  parameters  of  compounds  obtained  are  discussed  in  the  first  instante  (Table  I).  As  a 
whole,  it  could  be  suggested  that  trinitromethul  groups  should  be  connected  directly  with  the 
aromatic  ring  influencing  each  other  easier  than  nitro  groups.  The  most  highly  nitrated  compounds 
among  those  synthesized  are  3,5-dinitro-l-(trinitromethyl)benzene  (Table  1,  comp.  3)  and  tris- 
(trinitromethyl)benzene  11  (Table  1,  comp.  6).  All  trinitromethyl  derivatives  obtained  are  stable  to 
hydrolysis  in  contrast  to  hexanitrobenzene,  which  is  quickly  hydrolyzed  to  pentanitrophenol  in  the 
air. 
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There  are  another  situation  with  heterocyclic  trinitromethyl  derivatives.  The  most 
highly  nitrated  compounds  among  these  series  of  compounds  are  2,4,6-tris(trinitromethyl)triazine 
20  (Table  1,  comp.  10)  and  2,4-dinitro-5-(trinitromethyl)imidazole  14b.  Mono-TNM-pyridine  18  is 
rather  stable  compound.  So  the  presence  of  one  pyridine  nitrogen  atom  in  molecule  does  not 
increase  capacity  of  TNM  group  for  hydrolysis.  However  the  accumulation  of  pyridine  nitrogen 
atoms  in  one  molecule  increases  this  capacity.  The  inclination  to  hydrolysis  of  the  trinitromethyl 
group  in  compound  20  is  very  high  (see  Scheme  6)  -  like  of  one  nitro  group  in  hexaniti  obenzene. 
The  trinitromethyl  group  hydrolyses  by  action  even  of  water  traces.  In  compound  14b,  the  influence 
of  both  the  heterocyclic  nitrogen  atom  and  trinitromethyl  group  takes  place.  Such  combined 
influence  leads  to  increasing  acidity  of  the  “pirrolic”  NH-group.  Thus  compound  14b  is  very 
hydroscopic.  This  undesirable  property  disappears  after  replacing  of  the  NH-group  for  the  N-Me 
group  or  by  obtaining  salts  (e  g.  compound  8,  Table  1). 

As  seen  from  Table  1  density  of  the  obtaained  compounds  is  not  very  high.  Probably, 
it  is  connected  with  the  influence  of  the  volumetric  trinitromethyl  group  on  the  crystal  packing. 
Nevertheless,  density  increases  in  proportion  to  the  accumulation  of  trinitromethyl  groups  both  in 
aromatic  and  in  heterocyclic  rings.  As  was  expected  density  of  heterocyclic  trinitromethyl 
derivatives  was  higher  than  that  of  aromatic  ones.  The  compounds  with  three  trinitromethyl  groups 
are  oxidants.  Their  detonation  velocity  is  not  very  high,  however  it  is  not  so  low  for  compounds 
with  negative  formation  enthalpy.  These  parameters  along  with  density  and  detonation  velocity 
were  calculated  by  the  methods  of  computer  chemistry. 

CALCULATIONS 

As  it  is  well-known  the  most  important  characteristics  of  explosive  materials  (as  well  as 
energetic  compounds  in  general)  are  the  detonation  parameters  and,  first  of  all,  the  detonation 
velocity  (D).  For  their  estimation  it  is  necessary  to  learn  the  main  chemical-physical  characteristics  - 
that  is  molecular  crystal  density  (d)  and  energy  content  (enthalpy  of  formation  in  solid  state  - 
AHt(s)).  To  estimate  these  parameters  we  can  use  one  of  the  methods  of  computer  chemistry  -  the 
Atom-Atom  Potentials  Method  (AAPM)  [17].  In  this  method  the  enthalpy  of  formation  is 
calculated  as  the  following: 

AHf'’(s)  =  AHr'’(g)-AH,'’,  (1) 

where  A//r’(g)  is  the  enthalpy  of  formation  in  gas  state;  A//,"  is  the  enthalpy  of  sublimation.  These 
calculations  have  been  conducted  by  us  in  two  main  stages. 
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Firstly,  we  have  estimated  molecular  characteristics  in  gas,  phase,  since  molecular  models 
with  optimized  structural  parameters  in  this  state  can  be  used  to  ponstruct  the  elementary  cell  of 
crystal  structure  of  compounds  and  in  further  calculation  of  their  molecular  crystal  density.  On  the 
other  hand,  the  enthalpy  of  formation  in  the  gas  phase  AHf"(g)  is  needed  to  find  the  energy  content 
in  solid  state  (see  (1)).  The  stmcture  and  energy  of  molecules  in  the  gas  phase  were  calculated  with 
the  use  of  the  set  of  semi-empirical  methods  of  quantum  chemistry  (program  AMPAC  [  1 8]).  The 
molecular  geometry  of  compounds  was  obtained  by  one  of  this  set  (AMI  calculations).  It  is 
necessary  to  note  that  compared  to  other  semi-empirical  methods  the  AM  I  one  provides  the  best 
correspondence  of  experimental  and  calculated  values  of  torsion  angles  between  nitrogroups  and 
benzene  ring  for  nitro  derivatives  of  benzene.  On  the  other  hand,  theoretical  values  of  bond  length 
for  NO2-C  groups  are  somewhat  different  from  the  average  experimental  ones  available  from 
literature  [19].  Considering  this  fact,  we  used  in  our  further  calculations  molecular  stmctures  with 
N=0  and  C-N  bonds  lengths  equal  to  1.22  and  1.48  A  (average  experimental  values),  respectively, 
i.e.  for  our  calculation  we  corrected  the  values  of  N-0  and  C-N  bonds  lengs  accordingly  to  the 
experimental  values  and  as  for  the  torsion  angles  we  used  the  AM!  calculated  values. 

The  enthalpy  of  formation  in  gas  phase  was  calculated  by  PM3  method  since  this  method 
allows  to  estimate  the  energy  content  of  nitro-oxygen  contained  compounds  with  the  most 
accuracy  comparable  with  the  other  semi-empirical  quantum  chemistry  methods. 

The  second  stage  of  our  research  was  the  estimation  of  molecular  crystal  density  and 
sublimation  enthalpy  of  compounds.  It  was  conducted  according  to  the  original  technique  [20] 
making  use  of  the  method  of  Atom-Atom  Potentials.  For  search  of  possible  molecular  packings  of 
compounds  under  consideration  we  employed  the  PMC  (Packing  of  Molecules  in  Crystals)  program 
[2 1 ,22]  of  crystal  lattice  energy  minimization. 

As  a  result  of  these  stages,  the  calculational  values  of  enthalpy  of  formation  in  gas,  crystal 
density,  and  sublimation  enthalpy  for  compounds  (l)-(6)  were  obtained.  It  gave  us  possibility  to 
estimate  detonational  velocities  for  these  compounds.  The  calculational  results  as  well  as  the 
experimental  values  are  presented  in  Table  1. 

For  almost  all  considered  compounds,  the  calculated  molecular  crystal  densities  are  higher 
than  the  experimental  ones.  Maximum  estimated  density  was  obtained  for  compound  (5)  and  equals 
to  1.83  g  cm'\  The  compounds  (1)  have  higher  density  value  than  its  structural  isomer  (2).  This 
result  is  in  the  contrast  to  the  experimental  data  ( 1 .62  and  1 .64,  correspondingly)  and  the  fact 
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is  that  the  p-derivatives  usually  form  denser  packings  than  the  m-derivatives.  In  comparison  with 
benzene  nitroderivatives  (m-dinitrobenzene,  p-dinitrobenzene  and  1,3,5-trinitrobenzene)  the 
trinitromethylarenes  have  higher  crystal  density  values.  For  example,  crystal  density  of  1,3,5- 
trinitrobenzene  is  1,68  g  cm"’  In  the  same  time,  the  compound  (3)  and  (5)  have  densities  of  1.83  g 
cm’’.  This  differences  may  be  due  to  higher  molecular  densities  for  trinitromethylarenes. 

Among  compounds  under  consideration  the  highest  value  of  energy  content  was  got  for 
compounds  (5)  and  equals  to  27.0  kcal  mof'.  According  to  our  calculations  [23]  this  compound 
also  has  the  highest  detonational  velocity  (8.503  km  sec"'). 

Table  1.  Some  physico-chemical  and  detonation  characteristics  of  TNM-arenes  and  TNIVI- 
hetarenes  (obtained  and  calculated  (in  brackets)). 
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Abstract 

Organic  synthesis  ways  for  completely  nitrated  carbone  atom  of  C-C- 
bonded  bi-,  tri-  and  tetra-pyrazoles  have  been  elaborated.  Some  characteristics  of 
their  properties  have  been  calculated:  enthalpy  of  formation,  molecular  crystal 
density,  some  detonation  and  combustion  parameters  as  well  as  some  parameters 
of  sensitivity.  As  it  follows  from  the  results  of  this  study,  sensitivity  of  these 
compounds  is  comparable  with  HMX. 

Wide-scope  investigations  of  many  years  in  the  chemistry  of 
nitrazoies  (nitro-containing  oxadiazoles,  tetra-  and  triazoles, 
imidazoles  and  some  others)  have  shown  the  prospects  for 
synthesizing  high-energy  substances  on  the  basis  of  such  compounds. 
However  compounds  of  the  pyrazole  sequence  have  remained  actually 
unstudied  so  far. 

At  the  same  time  moderateiy  endothermic  pyrazoies,  if  compared 
with  tetra-  and  triazoies,  in  general,  could  be  of  high  interest  for 
generating  materiais  with  high  energy  capacity  on  their  basis  in  terms 
of  a  current  tendency  to  designing  maximaiiy  safe,  yet  high-energy, 
explosives.  Our  choice  of  polycyciic  pyrazoies  was  dictated  by  their 
feasibly  predicted  higher  thermal  stability. 
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Only  two  unsubstituted  bipyrazoles  1  [1]  and  3  [2]  were  described 
before  our  work.  We  managed  to  select  conditions  under  which 
nitration  proceeded  on  all  unsubstituted  carbon  atoms  of  bipyrazole  1 
(Scheme  1). 


NO2  NO2 


Scheme  1 


As,  while  nitrating  NH-pyrazoles  with  free-positioned  4  directiy  by 
the  sulfuric-nitric  acid  mixture,  4-nitropyrazoles  are  formed  which  are 
not  nitrated  further  on  [3],  we  have  chosen  an  indirect  way  to  obtain 
tetranitrobipyrazole  6.  It  has  a  literature  analog  [3]  and  incorporates  N- 
nitration  of  bipyrazole  3,  rearrangement  of  the  obtained  N,N’- 
dinitrobipyrazole  4  and  follow-up  nitration  (Scheme  2). 

HNOa/AiaP  ^  a  , 

HN-N  N-NH  N-N  N-N 

3  ^  ^NOz 

NO2  NO2 


The  structure  of  tetranitrobipyrazoles  2  and  6  was  confirmed  by 
NMR  ''H,  IR,  mass  spectroscopy  and  elementary  analysis 

data.  The  NMR  ''^C  spectrum  registered  under  double  heteronuclear 
resonance  with  selective  unbinding  of  the  nitro  group  from  the 
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nitrogen  atom  enabled  us  to  identify  the  proton  position  at  the  cyclic 
nitrogen  atom  in  bipyrazole  6:  it  is  fixed  in  position  1. 

Tetranitrobipyrazoles  2  and  6  are  rather  strong  two-base  acids. 

The  molecular  structure  and  conformation  of 
tetranitrobipyrazoles  2  and  6  were  identified  with  the  help  of  x-ray 
analysis. 

Crystals  of  tetranitrobipyrazole  2  crystal  hydrate  are  monoclinal, 
elementary  cell  parameters  are  as  follows:  a  -  11.142  (2),  b  -  14.078 
(3),  c  =  8.236  (1)A,  p  =  108.98  (4)°,  l^.„  =  1209.1  (13)A^  Z  =  A,  spatial 
group  Cc.  An  autodifractometer  "Syntex-P2/'  (XMo-K„,  graphite 
monochromator)  detected  2,192  non-zero  independent  reflections.  The 
structure  was  decoded  by  a  direct  SHELX-based  method  and  specified 
in  the  anisotropic  approximation  for  each  non-hydrogen  atom. 
Coordinates  for  H  atoms  were  determined  from  the  Fourier  differential 
series.  The  final  value  of  the  R-factor  was  0.028.  Accuracy  for 
determining  bond  lengths  was  ±  0.003  A,  that  for  valence  angles  - 
±0.2®. 

Tetranitrobipyrazole  6  crystals  representing  potassium  salt  of 
crystal  hydrate  are  triclinal.  Elementary  cell  parameters  are  as 
follows:  a  =  9.058  (6),  b  =  10.730  (7),  c  -  7.358  (6)A,  a  =  94.49  (7),  p  = 
108.98  (4)®,  105.61  (4)®,  =  640  (1)A^  Z=2,  spatial  group  P\,  A 

set  of  experimental  data  (1398  non-zero  independent  reflections)  was 
obtained  with  the  use  of  an  autodifractometer  "Syntex-P2/'  (XMo-K^, 
graphite  monochromator).  The  structure  was  decoded  by  a  direct 
SHELX-based  method  and  specified  in  the  anisotropic  approximation 
for  each  non-hydrogen  atom,  for  the  exception  of  H  atoms  found  from 
the  Fourier  differential  series,  up  to  the  R-factor  0.047.  Accuracy  for 
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determining  bond  iengths  was  +  0.004  A,  that  for  vaience  angies  - 
±0.3“. 

In  molecule  2  (Fig.  1),  to  reduce  steric  hindrance  arising  from  the 
presence  of  nitro  substituents  in  ortho-positions  to  atoms  C(4)  and 
C(4a),  heterocycle  planes  are  almost  straight  angled  around  the  C(4)- 
C(4a)  bond  and  nitro  groups  are  co-planar  to  respective  heterocycles. 

0(1)/ 


Figure  1 .  Structure  of  neutral  molecule  2  (crystal  hydrate). 

The  structure  of  anion  6  is  shown  in  Fig.  2.  Bond  lengths  and 
valence  angles  are  close  to  standard  values.  A  dihedral  angle  between 
heterocyclic  five-member  rings  is  35.2°,  nitro  groups  [N(3A),  N(4A), 
N(4B),  and  N(3B)]  form  24.4,  28.3,  24.5,  and  36.3°  dihedral  angles, 
respectively,  with  heterocycle  planes.  The  identified  positions  of  nitro 
groups,  non-planar  to  heterocycles  they  are  bonded  with,  are  governed 
by  intramolecular  steric  contacts  between  O  and  N  atoms  of 
neighboring  nitro  substituents:  distances  0...0  and  O...N  are  close  to 
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sums  of  corresponding  Van  der  Waais  radii  of  O  and  N  atoms  (1.4  A  for 
O  and  1.5  A  for  N). 

Distinctions  in  the  structure  of  bicyclic  nuclei  of 
tetranitrobipyrazoles  2  and  6  (rotation  around  the  C-C  bond  that 
integrates  heterocycles  and  various  orientations  of  nitro  groups 
towards  pyrazole  ring  planes  they  are  bonded  to)  discovered  by  the  x- 
ray  study  evidence  to  the  effect  of  the  steric  factor  on  the  molecular 
conformation. 


Till  our  research  no  general  approaches  to  the  synthesis  of  C-C- 
bonded  polypyrazoles  had  been  known.  We  designed  a  general  method 
for  synthesizing  such  polypyrazoles  on  the  basis  of  C- 
(diformylmethyl)nitropyrazoles.  To  achieve  this,  in  the  row  of  pyrazoles 
and  N-nonsubstituted  azoles  we  pioneered  double  formulation  of  the  C- 
polypyrazole  methyl  group  (having  employed  Wilsmeier’s  reagent).  In 
so  doing,  the  methyl  group  should  be  activated  by  the  nitro  group 
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located  at  the  neighboring  carbon  atom,  i.e.  C- 

(diformyimethyi)nitropyrazoies  [4]  are  generated  (Scheme  3). 

The  structure  of  8  and  9  was  determined  using  NMR  ''H,  and 
confirmed  by  iR  and  UV  spectroscopic  data  and  eiementary  anaiysis. 
NMR  spectroscopic  data  evidence  that  methyi  groups  in 

trimethinium  salts  8  are  not  equivalent  (proved  by  NMR  ''H  data)  and 
malondialdehydes  9  obtained  exist  fuliy  in  the  enol  form  since  signals 
from  «carbonyl»  and  central  carbon  atoms  of  the  diformylmethyl 
fragment  are  in  the  region  of  179  -  180  ppm  and  110  -  111  ppm  , 
respectively,  which  is  .  characteristic  of  the  enoi  form  of 
maiondialdehyde  itself  [5],  and  there  are  no  signals  detected  in  the 
regions  of  200  and  60  ppm  ,  respectiveiy,  as  it  takes  place  in  the  case 
of  the  keto-form  of  p-diketons  [6].  In  addition,  if  diaidehyde  9a  is 
considered,  the  signal  from  the  <ccarbonyl»  carbon  atom  at  179.73  in 
the  NMR  ''^C  spectrum  has  a  view  of  a  broadened  doublet  with  coupling 
constant  176.0  Hz  and  the  signal  at  11.14  ppm  of  the  central  carbon 
atom  of  the  C-diformylmethyl  grouping  •  that  of  a  triplet  with  vicinal 
coupling  constant  20.0  Hz,  thus  testifying  that  the  latter  lacks  its  own 
proton.  Hence  the  diformylmethyl  grouping  was  enoiized  and  the 
proton  was  positioned  between  two  oxygen  atoms.  The  presence  of 
the  chelate-type  hydrogen  bond  is  aiso  indicated  by  a  broad  band  of 
OH  group  valence  vibrations  at  3200  cm'^  in  IR  spectra  of  compounds  9 
obtained  in  KBr.  it  may  be  therefore  stated  that  compounds  9,  both  in 
soiution  and  in  solid  state,  are  in  the  enoi  form. 


DMF  /  POCk 
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N-NH 
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Scheme  3 


c)Xi  = 

X2  = 
51  % 


Having  treated  C-(difomiylmethyl)nitropyrazoles  9  with  hydrazine, 
we  obtained  relative  hi-,  tri-  and  tetracyclic  4-nitropyrazoles  10 
(reaction  B).  Yet  it  was  found  that  this  objective  could  be  successfully 
attained  using  precursors  of  9  •  relative  perchlorates  of  trimethinium 
salts  8  (reaction  A).  This  would  drastically  facilitate  the  method  for 
generating  polycycles  10  and  increase  their  yield  [7]  (Scheme  4). 


Net 


1  A:K0H.W^  ^NH 
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Scheme  4 
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N-NH  HN-N 

N-NH 

n  =  1 

n  =  2 

n  =  2 

Yield,  %,  in  A: 

81 

98 

91 

A*: 

91 

48 

71 

A“: 

77 

40 

36 

‘  yield  calculated  for  compound  9; 
**  yield  calculated  for  compound  8. 
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Nitration  of  the  synthesized  polypyrazoies  was  studied,  it  turned 
out  that  bipyrazoie  10a  couid  not  be  nitrated  by  C  atoms  in  a  wide 
range  of  varied  conditions.  At  the  same  time,  in  nitration  of  tripyrazoie 
10b  and  tetrapyrazoie  10c  with  the  sulfuric-nitric  acid  mixture,  we 
achieved,  for  the  first  time,  C-C-bonded  pentanitrotripyrazoie  11  and 
hexanitrotetrapyrazoie  12  with  free  NH  fragments  fuiiy  nitrated  by 
carbon  atoms  (Scheme  5).  Their  structure  was  confirmed  by  NMR  ^H, 
''^N,  ''^N  spectroscopic  data. 


To  evaiuate  the  future  usability  of  the  synthesized  compounds  as 
energetic  materials  we  calculated  their  key  physicaj-chemicai 
characteristics  (molecular  crystal  density,  energetic  and  certain 
performance  parameters)  and  detonation  veiocity. 

Moiecuiar  mechanics,  quantum  chemistry  and  Atom-Atomic 
Potentiai  Functions  [8]  methods  were  empioyed  for  caicuiating 
molecular  crystal  densities  (d)  and  formation  enthalpies  in  the  gas 
phase  (A//,°(g))  necessary  for  subsequent  caiculations  of  the  energy 
content  in  solid  substances  (AA/°(s)). 

First,  with  the  heip  of  semiempiric  quantum  chemical  methods 
we  evaluated  structural  parameters  for  molecules  and  formation 
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enthalpies  of  the  compounds  under  study  (2,  6,  11,  and  12)  in  the  gas 
phase.  The  evaiuation  of  moiecuiar  geometry  was  conducted  by  the 
AMI  method  and  that  of  enthaipies  of  formation  by  the  PM3  method  as 
the  former  enabies  to  caicuiate  structurai  parameters  of  nitrogen- 
oxygen-containing  compounds  most  reaiisticaliy  and  the  iatter  (PM3) 
is  most  accurate  in  the  semiempiric  pool  of  methods  for  estimating  the 
energy  content  of  such  compounds  in  the  gas  phase.  In  our 
calculations  we  used  the  known  AMPAC  program  complex  [9]  that 
allowed  to  take  advantage  of  various  semiempiric  quantum  chemicai 
methods  with  a  focus  on  a  specific  problem. 

As  shown  by  the  analysis  of  theoreticai  values  for  intramolecular 
parameters  (bond  lengths,  valence  and  torsion  angies),  those  vaiues 
differ  noticeably  from  the  mean  experimental  ones.  The  highest 
deviation  refers  to  bond  iengths  of  N=0  nitro  groups  with  the  mean 
theoreticai  vaiue  being  1.18  A  and  experimental  -  1.22  A.  Yet  the  AMI 
method  allows  to  reproduce  the  orientation  of  nitro  groups  towards 
heterocycle  planes  close  to  the  experiment  for  related  compounds.  A 
wide  gap  between  experimental  and  calculated  intramolecular 
parameters  could  be  narrowed  once  x-ray  analysis  data  are 
considered.  Having  taken  into  account  these  data  in  the  calculation  of 
potential  crystal  packages  of  the  studied  compounds,  we  used 
molecule  geometry  obtained  from  the  calculation  done  by  the  AMI 
method  though  having  corrected  the  obtained  results  in  terms  of  mean 
values  known  from  the  experiment  (these  data  were  taken  from  the 
Cambridge  database  for  X-ray  data  [10]).  As  for  torsion  angles,  they 
were  in  line  with  the  calculated  values. 
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At  the  next  step  we  calculated  molecular  crystal  densities  and 
subiimation  enthalpies  for  compounds  2,  6,  11,  and  12.  For  the 

evaiuation  of  these  characteristics  we  used  a  search  technique  for 
moiecuie  optimal  packing  in  the  crystal  developed  by  us  on  the 
grounds  of  the  AAPF  method  and  detailed  in  [11].  Digital  calculations 
were  carried  out  with  the  help  of  the  PMC  program  [12,  13].  Then, 
basing  on  the  obtained  vaiues  for  A#/,°(g)  and  A#/,°  and  foilowing  the 
known  equation  AH°{s)  =  A#/,'’(g)  -  AH°  ,  the  energy  content  of 
compounds  2,  6,  11,  and  12  in  a  solid  state  was  estimated. 


Table  1 .  Physical-chemical  and  detonational  parameters  of 
_ compounds. _ _ 


Compound 

2 

6 

11 

12 

AA/,(s).  kcal/moi 

41.0 

77.9 

111.9 

</,  g/cm^ 

1.89 

1.82 

1.84 

1.76 

Detonationai  parameters: 

Velocity,  km/s 

8.219 

7.964 

8.232 

7.737 

Detonation  pressure  in  the 
Jouget  point,  kbar 

338.3 

296.9 

309.1 

274.6 

A  further  step  in  our  research  was  the  evaiuation  of  detonation 
characteristics  done  on  the  basis  of  a  number  of  known  empiric 
schemes  [14]. 

The  values  obtained  for  physicai-chemical  and  detonation 
parameters  of  compounds  2,  6, 11,  and  12  are  iisted  in  Tabie  1. 

Reviewing  the  resuits,  it  shouid  be  noted  that  among  the 
compounds  under  consideration  compound  2  has  the  highest 
molecular  crystal  density  (1 .895  g/cm^).  This  is  iikeiy  to  have  resulted 
from  both  this  compound  having  the  iess  molecuiar  volume  and  a  more 
efficient  package  of  its  moiecules  in  the  crystai  (Fig.  3).  In  its  turn,  the 
iowest  density  was  found  with  compound  12,  this  probabiy  being 
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accounted  for  by  the  molecule  conformation  specifics  (namely,  the 
absence  of  symmetry  elements  that  leads  to  the  inefficient  molecule 
crystal  package). 


Figure  3.  Calculated  crystal  package  for  compound  2. 

Generally,  compounds  11  and  12  were  identified  to  have  the 
highest  energy  capacity  among  the  discussed  substances.  The  highest 
detonation  velocities  however  correspond  to  compounds  2  and  11 
(8.219  and  8.232  km/sec,  respectively). 

It  is  acknowledged  that,  in  addition  to  the  physical-chemical 
aspect,  the  evaluation  of  performance  characteristics  of  a  substance 
and  primarily  its  sensitivity  to  mechanic  impact  is  significant  for 
assessing  usability  of  high-energy  materials.  We  accomplished  the 
usability  assessment  employing  the  QSPR-based  (Quantitative 
Structure  Property  Relationships)  computational  technique  described 
in  [15].  As  shown  by  our  calculations,  compound  6  has  the  critical 
thickness  of  the  detonation-capable  layer  (^A^r  =  66)xcm)  being 
approximately  equal  to  HMX  (68  |icm  (exp))  with  the  corresponding 
calculational  value  [15]  of  60  ^cm.  According  to  our  calculations, 
compound  2  having  =  72  ^cm  is  less  sensitive  than  compound  6. 
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So,  we  obtained  compounds  are  inferior  to  HMX  by  the  set  of 
energetic  parameters  and  are  close  to  HMX  in  sensitivity  to 
mechanical  impact. 
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Despite  the  fact  that  l'fluoro-l,l-dinitromethyl  units  play  important 
role  in  construction  of  energetic  plasticizers  and  polymers,  heterocyclic 
compounds  incorporating  the  unit  have  received  little  attention  compared  to 
their  aliphatic  congeners. 

Bis(l-fluoro-l,l-dinitromethyl)difurazalyl  ether,  FOF-13,  was 
synthesized  and  evaluated  in  terms  of  insensitivity  and  performance.  The 
compound  is  high  dense,  insensitive  to  impact,  and  very  stable  to  thermal 
stimuli.  Performance  was  found  to  be  higher  to  bis(2-fluoro-2,2- 
dinitroethyl)formal,  FEFO.  The  synthesis  of  FOF-13  is  a  multy-step  pathway 
using  another  energetic  plasticizer  3,3-dicyanodifurazanyl  ether,  FOF-2,  as  a 
precursor. 


INTRODUCTION 

In  an  earlier  communication!*!  we  disclosed  our  initial  results  on  the 
discovery  of  analogies  and  varieties  between  two  series  of  compounds,  namely 
picryl  derivatives  (Pic-R)  and  their  nitrofurazanyl  (Nif-R)  analogs.  The 
investigation  showed  that  (i)  the  incorporation  of  Nif  in  place  of  Pic  in  the 
molecule  decreased  melting  point  on  50-200°C;  (H)  the  density  of  Nif  ,  as  a  mle, 
was  0.1  -  0.2  g/cm^  greater  than  for  Pic  analogs;  (Hi)  Nif  compounds  possessed 
high  positive  heat  of  formation,  and  Pic  analogs  ranked  below  them  in  the 
parameter  from  100  to  500  kcal/kg.  A  more  recent  studyf^!  showed  that 
installation  of  furazan  moieties  to  pentaerythritol  derivatives  provides  a  new  and 
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versatile  approach  to  the  synthesis  of  high  energy  monomers  and  polymers 
which  demonstrates  excellently  compatible  both  with  each  other  and  with  earlier 
prepared  by  us  high  energetic  furazans.t^-?] 

The  properties  of  fiirazans  suggest  that  they  would  be  potential  building 
blocks  for  construction  of  insensitive  high  energy  plasticizer  to  new  and 
common  high  energy  materials. 

As  a  part  of  a  broad  program  to  developing  versatile  processes  providing 
syntheses  of  various  high  energetic  materials  from  common  precursor,  we  have 
tested  some  pathways  for  modification  of  3,3-dicyanodifurazanyl  ether  (FOF- 
2)[*1  which  is  insensitive  high  energy  co-plasticizer. 


RESULTS  and  DISCUSSION 

Because  of  the  interest  in  the  difurazanyl  ether  derivatives,  as  insensitive 
thermal  stable  energetic  materials,  the  synthesis  of  the  related  compound,  bis(l- 
fluoro-l,l-dinitromethyl)difurazanyl  ether  (FOF-13),  was  investigated.  The 
efficiency  and  the  relative  simplicity  of  the  preparation  and  subsequent  base 
promoted  coupling  reaction  of  3-cyano-4-nitrofurazan  1  to  yield  FOF-2  was 
first  noted  by  us  (Scheme  1),[8]  and  previously  discussed  in  our  review.!*!  The 
ready  availability  of  FOF-2,  combined  with  the  high  yields  of  these  reactions, 
makes  the  compound  highly  appealing  and  very  practical,  and  suggests  strongly 
the  possibility  of  being  able  to  generate  more  complex  molecular  assemblies 
from  it. 

Scheme  1 


1  FOF-2 


The  synthesis  of  FOF-13  involved  a  multi-step  reaction  sequence  in 
which  FOF-2  was  hydroximated  to  2  followed  by  diatization  with  sodium  nitrite 
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Scheme  2 


Table  1.  Physical  and  Explosive  Properties  of  FOF-13  and  some  analogs. 


Structural  Formula 
and  Name 

Empirical 

Formula 

WmM 

BSl 

AHf 

fkcal/moll 

irt  Iri 

Nx 

O  0 

FOF-2 

CeN^Os 

204 

25 

69 

1.64 

+138 

/C(N02)2F 

o — \ 

C(N02)2F 

FEFO 

C5H6N4O10F2 

13.4 

1.607 

-203 

F(02N)zC^  ^  C(jVOj)jF 

Ns  ✓N 

O 

FOF-n 

C6N8O11F2 

398 

48 

1.97 

-35 

*  -  oxidant  coefficient,  for  explosives  that  contain  carbon,  hydrogen,  oxygen  and 
fluorine,  ko  is  given  by  equation:  (no  +  0.5n/r)/(2#ic  0.5B;y)100% 
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in  hydrochloric  acid  to  yield  bis-hydroxamoil  chloride  3  (Scheme  2).  The 
dichloride  was  converted  to  tetra-N-hydroxy  derivative  4  by  the  treatment  with 
hydroxylamine.  Subsequent  oxidation  with  sodium  persulfate  gave  requisite  bis- 
(dinitromethyl)  precursor  5,  which  was  converted  to  the  desired  FOF-13  by 
final  fluorination  with  xenon  difluoride. 

FOF-13  is  colorless  needles,  possesses  excellent  solubility  in  all  organic 
solvents,  and  is  not  soluble  in  water  and  not  hydroscopic.  Differential  scanning 
calorimetry  showed  no  obvious  decomposition  of  FOF-13  below  270°C.  As 
starting  FOF-2  decomposes  slowly  at  the  temperatures  above  250°C,  the  less 
conjugated  with  the  fiirazan  ring  fluorodinitro  group  seems  to  stabililize  the 
desired  molecule.  Some  of  the  physical  and  explosive  properties  of  FOF-13, 
together  with  the  data  for  analogs,  are  tabulated  in  Table  1. 

The  liquid  mixtures  (with  M.p.  up  to  -80°C)  in  which  FOF-13  is  a  major 
part  are  made  by  the  inclusion  of  some  additions  in  the  compositions.  FOF-13 
is  excellently  compatible  both  with  other  high  energetic  furazans,  for  example 


o  O  o  o 

and  common  ingradients  utilized  for  preparation  of  explosive  and  pyrotechnic 
mixtures,  powers  and  solid  rocket  propellants  (TNT,  RDX,  HMX,  NC,  AP, 
AND  and  other). 

The  properties  exhibited  by  FOF-13  suggests  their  practical  application  as 
energetic  plasticizer. 

It  should  be  noted  that  the  intermediate  3  is  effective  building  block  for  a 
series  of  other  energetic  furazans.  For  example,  treatment  of  3  with  a  base 
afforded  the  7-  and  14-membered  macrocycles  7  and  8,  as  well  as  linear  high 
molecular  weight  products  9  (Scheme  3).  Previous  publication  from  this 
laboratory  have  described  the  design  and  synthesis  of  a  series  of  potential  high 
energetic  macrocycles  based  on  the  furazan  block.['‘>*®>*il 
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Scheme  3 
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5,5'-Bis(tetrazolyl)amine  is  a  stable  solid  substance  with  high  N-content 
(>82  wt.  %).  We  consider  this  tetrazole  as  a  promising  gas-generating  agent  and  exp¬ 
edient  additive  into  propellants  and  other  energetic  systems.  5,5’-Bis(tetrazolyl)amine 
has  been  synthesized  in  4-step  process  from  the  starting  cyanuric  chloride.  The  yield  of 
the  final  tetrazole  was  about  40%.  5,5'-Bis(tetrazolyl)amine  has  been  characterized  by 
IR-spectroscopy,  'H  and  ’’C  NMR. 


59-2 


Thermogravimetry,  volumetry,  calorimetry,  IR-spectrosc(q)y,  and  mass 
spectroscopy  were  used  to  study  the  kinetics  and  decomposition  products  (including 
volatile  and  condensed  products).  The  kinetic  and  activation  parameters  of  the 
decomposition  in  air  and  argon  have  been  determined  over  the  temperature  range 
200  -  242'’C.  The  kinetic  curves  have  an  evident  S-shape  and  fit  an  equation  of 
autocatalysis  of  the  first  order  da/dt  =  ki(l  -  a)  +  k2a(l  -  a),  where  the  rate 
constant  of  noncatalytic  decomposition  ki  and  the  rate  constant  of  catalytic  reaction  k2 
satisfy  the  Arrhenius  equations  ki  =  lO'*-®  ^  ®’5ejqp[-(197  ±  5)/RT]  s  ‘  and 
k2  =  10*’'*- ®'’exp[-(201  ±  7)/RT]  s'*  (R  is  measured  in  kJAnol-K).  Every  5,5- 
bis(tetrazolyl)amine  molecule  splits  out  2,5  molecules  of  N2.  The  purity  of  nitrogen 
formed  is  more  than  97,5  vol.  %.  The  evolution  of  N2  is  accompanied  with  the 
formation  of  the  condensed  product  of  unusual  structure.  The  calorimetric  data  have 
confirmed  the  autocatalytic  manner  of  the  decomposition.  The  total  reaction  heat  is 
about  440  cal  g'*.  The  critical  conditions  of  the  thermal  e}q>losion  have  been  evaluated. 

We  suppose  the  specific  never  declared  before  mechanism  of  the  thermal 
decomposition  of  5,5’-bis(tetrazolyl)amine  via  the  intermediate  imino  and  amino 


triazoles. 
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Mechanism  of  the  primary  stages  of 
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ABSTRACT 

The  primary  stages  of  the  decomposition  of  compounds  RN(N02)- 
CH2C(N02)2X  is  the  homolytic  cleavage  of  the  C  -  NO2  bond,  if  X  =  NO2, 
and  N  -  NO2  bond,  if  X  =  F.  The  inductive  effect  of  substituents  decreases 
the  dissociation  energies  of  the  C  -  N  and  N  -  N  bonds  by  1  -  2  kcal/mol. 
Kinetic  effects  caused  by  the  spatial  interaction  of  groups  and  by  stepwise 
decomposition  of  polyfunctional  compounds  are  described. 

INTRODUCTION 

Although  thermal  decomposition  of  secondary  nitramines  have  been 
studied  in  numerous  works  [1],  these  reactions  are  still  not  adequately 
investigated.  Many  problems  concerning  the  influence  of  substituents  and 
the  medium  on  the  rate  and  the  mechanism  of  decomposition  remain 
unsolved.  Decomposition  of  simple  nitramines  normally  starts  with 
homolytic  cleavage  of  the  N  -  N  bond,  whose  strength  depends  relatively 
slightly  on  the  substituents.  However,  when  some  substituents,  for 
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example  an  F  atom  and  carbonyl  group  [1]  or  a  furazan  ring  [2]  are  present 
in  the  «-  or  -position  with  respect  to  the  nitramino  group  or  when  the 
decomposition  is  carried  out  in  a  hydrocarbon  medium  [3],  its  mechanism 
and  rate  sharply  changes.  The  process  is  accompanied  by  intramolecular 
rearrangement  and  intermolecular  interactions,  whose  mechanisms  are 
unknown.  The  kinetics  of  decomposition  of  nitro-derivatives  of  nitramines, 
which  constitute  a  large  group  of  energetic  compounds,  have  not  been 
studied  either.  The  molecules  of  these  compounds  incorporate  two  or 
several  reaction  centers,  which  interact  and  compete  with  one  another  in 
the  primary  decomposition  reactions. 

Therefore,  in  this  work,  we  studied  the  kinetics  and  mechanisms  of 
the  initial  (non-catalytic)  steps  of  thermolysis  of  trinitromethyl  and 
fluorodinitromethyl  derivatives  of  secondary  nitramines  in  the  liquid  phase. 
As  a  typical  representatives,  we  chose  the  following  compounds: 
MeN(N02)CH2C(N02)3  (1).  (N02)3CCH2N(N02)CH2C(N02)3  (2), 

[(N02)3CCH2N(N02)CH2-]2  (3),  MeN(N02)CH2C(N02)2F  (4), 

F(N02)2CCH2N(N02)CH2C(N02)2F  (5),  [F(N02)2CCH2N(N02)CH2-]2  (6), 
and  [F(N02)2CCH2N(N02)CH2-]2CH2  (7). 

Decomposition  of  compounds  2,  3,  and  5  has  been  studied  previ¬ 
ously  [4]  but  only  under  conditions  of  fast  heating.  It  was  found  that  NO2  is 
formed  as  a  primary  thermolysis  product;  however,  this  fact  hardly  makes 
it  possible  to  elucidate  the  nature  of  the  primary  step  of  decomposition.  Ki¬ 
netic  approach  appears  more  promising  for  this  purpose.  We  carried  out 
formal  kinetic  analysis  of  the  decomposition  of  heterofunctional  com¬ 
pounds  under  isothermal  conditions,  distinguished  the  initial  step,  deter¬ 
mined  its  kinetic  parameters,  and  compared  these  parameters  with  known 
characteristics  of  the  decomposition  of  monofunctionai  compounds,  viz., 
nitramines  or  polynitroalkanes. 
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For  this  approach,  accuracy  of  kinetic  measurements  is  an  impor¬ 
tant  point.  Therefore,  the  reactions  were  studied  mostly  in  dilute  solutions, 
i.e.,  under  conditions  when  the  disturbing  influences  of  admixed  catalytic 
or  autocatalytic  processes  is  almost  entirely  eliminated.  To  analyze  the 
products  of  decomposition  and  to  elucidate  a  possible  role  of  intermolecu- 
lar  interactions  in  the  initial  stages  of  the  process,  some  experiments  were 
carried  out  in  a  melt. 

EXPERIMENTAL 

All  the  solids  used  were  purified  by  recrystallization  from  ethanol  or 
aqueous  acetone.  Decomposition  reactions  were  studied  by  the  manomet- 
ric  method.  The  pressure  in  the  reaction  vessel  was  measured  by  the 
compensation  method  using  sensitive  sickle-shaped  membranes,  usually 
in  the  range  5  -  700  Torr  with  a  relative  error  of  <2%.  During  the  experi¬ 
ments,  the  temperature  was  maintained  with  an  accuracy  of  0.1  °C  using 
a  liquid  thermostat  filled  with  a  low-viscosity  silicone  oil. 

When  the  reaction  was  carried  out  in  solution,  m-dinitrobezene, 
which  is  a  low-melting  non-volatile  substance,  inert  toward  nitro¬ 
compounds  and  the  products  of  their  decomposition  at  200°C,  was  used 
as  the  solvent.  The  melts  of  the  compounds  under  study  in  m- 
dinitrobenzene  (concentration  0.3  -  3.0  mol.%)  were  prepared  prior  to  the 
experiments,  usually  at  100°C. 

The  kinetic  experiments  in  solutions  were  carried  out  until  the  degree 
of  conversion  of  the  initial  compound  was  50  -  100%.  The  kinetic  curves 
were  described  satisfactorily  by  a  first-order  equation.  Decomposition  in 
the  melt  was  studied  for  nitramines  land  2.  in  this  case,  the  reactions 
were  autocatalytic.  The  rate  of  the  catalytic  (but  not  of  the  initial)  stage  de- 
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pended  on  the  degree  of  filling  of  the  vessel  with  the  substance.  The  ki¬ 
netic  curves  were  poorly  described  by  the  first-order  equation  of  autocata- 
lysis;  the  rate  constants  (k)  for  the  initial  step  of  decomposition  were  cal¬ 
culated  from  the  time  needed  to  reach  a  degree  of  decomposition  of  1  %. 
The  complete  gas  evolution  (which  is  convenient  to  express  in  the  units  of 
adjusted  volume  a\/oo/N  cm^/g)  corresponding  to  100%  decomposition 
was  determined  at  elevated  temperatures.  Since  A  Voa  may  depend  on  the 
temperature  and  the  compositions  of  the  gas  products  formed  at  the  initial 
and  autocatalytic  stages  may  be  different,  errors  in  the  determination  of  k, 
activation  energy  E,  and  preexponential  factor  A  are  possible.  Therefore, 
the  data  obtained  for  solutions  are,  in  principle,  more  accurate,  and  the 
measurements  for  the  rest  of  the  compounds  were  carried  out  only  in  so¬ 
lutions. 

For  compounds  1  and  2,  the  A  V<x>  values  equal  to  635  and  730 
were  used  in  the  calculation  of  k.  The  stoichiometric  coefficients  of  the  re¬ 
action  (the  numbers  of  moles  of  gaseous  products  formed  from  1  mole  of 
the  initial  compound)  for  compounds  1  and  2  were  6.8  and  12.7,  respec¬ 
tively.  Large  stoichiometric  coefficients  were  also  observed  for  decomposi¬ 
tion  of  all  the  other  compounds.  For  compound  3  in  solution,  aV<x>  =  565, 
which  corresponds  to  the  evolution  of  1 2  moles  of  gaseous  products. 

The  manometric  procedure  chosen  provides  well  reproducible  kinetic 
curves.  The  experiments  showed  that  the  rate  constants  found  in  three 
entries  differ  by  10  -  15%.  For  this  accuracy  of  the  measurements,  10  - 
1 2  entries  carried  out  in  the  temperature  range  from  T  to  T  equal  to  40°C 
are  sufficient  for  the  activation  energy  to  be  determined  with  an  accuracy 
of  ±1.0  kcal/mol.  For  a  smaller  number  of  entries,  the  error  increased  to 
±1.5  kcal/mol.  The  activation  energies  for  the  key  compounds  1  and  4  and 
also  that  for  compound  3,  for  which  it  was  significant  to  carry  out  the  most 
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accurate  comparison  with  compound  1 ,  were  determined  with  the  above- 
mentioned  minimum  error. 

The  products  of  decomposition  of  compound  1  were  analyzed  at 
140°C  and  at  degrees  of  conversion  of  2,  15,  and  100%.  The  products 
were  fractionated  by  freezing  at  -78  and  -195°C.  Light  gases  were  ana¬ 
lyzed  by  gas  chromatography  on  columns  with  Paropack  Q,  and  NO2  was 
determined  by  colorimetry.  The  products  were  identified  by  IR  spectros¬ 
copy  and  by  chemical  analysis.  The  yields  of  gaseous  products  proved  to 
be  identical  to  within  10  -  15%  and  amounted  to  (in  moles  per  mole  of  1): 
CO.  0.3;  CO2,  1.4;  NO,  1.0;  NO2.  0.2;  N2O,  traces;  N2,  1.25;  MeON02, 
1 .0;  H2O  £  0.8.  Complete  decomposition  of  compound  1  yielded  a  non¬ 
volatile  condensed  residue  (5%  w/w)  consisting  of  five  products.  Due  to 
the  small  amount  of  the  residue,  these  products  could  not  be  reliably  iden¬ 
tified.  The  major  compound  (65%)  was  a  low-volatile  (100°C/0.1  Torr)  liq¬ 
uid,  whose  elemental  composition  and  IR-spectra  corresponded  most 
closely  to  MeN(N02)CH2C(0)Me  or  MeN(N02)CH2C00Me.  The  second 
component  in  order  of  the  content  (15%)  was  an  amino  acid,  probably, 
MeNHCH2COOH,  which  catalyzes  decomposition  of  compound  1.  The 
rest  of  the  condensed  products  also  contained  C=0  and  N=0  bonds  and 
might  have  been  carboxy  or  nitro  derivatives. 

RESULTS  AND  DISCUSSION 

It  follows  from  the  data  presented  in  Table  1  and  in  Fig.  1  that  the 
rates  of  decomposition  in  a  dilute  solution  and  in  the  melt  are  virtually  iden¬ 
tical  (especially  in  the  case  of  the  most  thoroughly  studied  compound  1 ); 
this  indicates  that  the  decomposition  of  those  compounds  is  not  accompa- 
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nied  by  any  side  reactions  or  bimolecular  interactions.  The  rate  constant 
also  does  not  depend  on  the  concentration  of  the  compound  in  solution. 


Table  1.  Kinetic  characteristics  for  the  decomposition  of  nitronitramines 


Compound 

Medium 

F/kcal 

mol'^ 

m 

1 

solution 

130-180 

40.3 

16.70 

7.6-1  O''’ 

9.1 

melt 

90-140 

40.4 

16.74 

f  7.4-1 0"'’ 

8.9 

2 

solution 

110-165 

36.1 

15.06 

2.6-1  O''' 

31.3 

melt 

110-150 

36.8 

15.59 

3.8-10'^ 

45.8 

3 

solution 

'130-180 

40.7 

16.80 

5.9-10'®“ 

7.0 

4 

solution 

175-210 

40.5 

14.90 

9.5-10'^ 

5.3 

5 

solution 

170-210 

39.8 

14.92 

2.3-10^ 

12.8 

6 

solution 

^160-210 

40.0 

^^.29 

3.3-10'® 

18 

7 

solution 

160-210 

42.3 

16.20 

2.2-10'® 

12.2 

CH3C(N02)3 

melt 

42.6 

16.93 

8.3-10'® 

R2NNO2  1  solution 

41.1 

14.50 

1.8-1(r" 

CH3C(N02)2F  I  gas  [5] 

41.7 

16.70 

1.1-10^ 

*  The  ratio  of  the  rate  constant  of  decomposition  of  the  compound 
under  study  (k)  to  that  of  the  reference  monofunctional  compound  (kref)  at 
150°C.  For  1-3  Kref  =  8.3-10'®  s'^  (the  data  for  1,1,1-trinitroethane  in  the 
melt  [6],  for  4-7  =  1.8- 10'^,  the  typical  value  for  decomposition  of  a 

planar  nitramine  group  [7]. 

The  first-order  kinetics  of  the  irreversible  decomposition  of  a  com¬ 
plex  polyfunctional  compound  can  correspond  to  a  one-step  monomolecu- 
lar  reaction,  a  nonbranched  chain  process,  or  a  sequence  of  transforma¬ 
tions  with  the  rate-determining  first  step.  Since  stoichiometric  coefficients 
are  large,  the  first  of  these  possibilities  can  be  immediately  ruled  out. 
Chain  mechanisms  of  decomposition  of  aliphatic  polynitro-compounds  are 
never  observed  [5].  They  are  impossible,  because  the  products  of  ther¬ 
molysis  always  contain  large  amounts  of  NO  and  NO2,  which  are  inhibitors 
of  free-radical  processes.  Hence,  there  remains  only  the  third  version,  viz., 
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a  sequence  of  transformations,  whose  rate  is  limited  by  the  first  step.  The 
non-integer  stoichiometric  coefficient  is  in  agreement  with  the  following  se¬ 
quence  of  processes:  some  intermediate  compounds  are  converted  ac¬ 
cording  to  several  pathways  characterized  by  different  stoichiometric  coef¬ 
ficients  (see,  for  example,  Scheme  1),  and,  therefore,  the  stoichiometric 
coefficient  for  the  overall  reaction  is  fractional. 


Fig.  1.  Examples  of  kinetic  curves  of  gas  evolution  during  decomposition 
of  compounds  1  and  2:  compound  1,  solution,  130°C  (■/);!,  melt,  130°C 
(2);  2,  solution,  130°C  (3);  1,  solution,  155°C  (4);  2,  melt,  130°C  (5);  2, 
solution,  145°C  (6):  1,  melt,  140°C  (7);  1,  solution,  165°C  (8);  2,  solution, 
165°C  (9);  1,  solution.  180°C  {10). 

Scheme  1 


1  MeN(N02)CH2C*(N02)2  +  N02  (1) 

MeN(N02)CH2C*(N02)2  MeN(N02)CH2C(0’)N02  +  NO  (2) 

MeN(N02)CH2C*(N02)2  +  NO  ^  MeN(N02)CH2C(N0)(N02)2  (2a) 
MeN(N02)CH2C(N0)(N02)2  >  MeN(N02)CH2CN  +  NO2  +  NO3  (3) 
MeN(N02)CH2C(0*)N02  ->  MeN(N02)CH2C’=0  +  NO2  (4) 

MeN(N02)CH2C*=0  >  MeN(N02)C*H2  +  CO  (5) 

MeN(N02)CH2C*=0  +  NO2  ->  MeN(N02)CH2C00*  +  NO  (5a) 
MeN(N02)C* H2  +  NO2  MeN(N02)CH20*  +  NO  (6) 

MeN(N02)CH2C00*  ->  MeN(N02)C*H2  +  CO2  (7) 

MeN(N02)CH2COO*  +  RH  ->  MeN(N02)CH2C00H  +  R*  (7a) 
MeN(N02)CH20*  MeN*(N02)  +  CH2O  (8) 
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CHsO  +  NO2  ^  CO  +  CO2  +  H2O  +  NO  (9) 

MeN  •  (NO2)  +  NO2  ^  MeNO  +  NO  +  NO2  (10) 

MeNO  +  2NO  Me*  +  N2  +  NO3  (11 ) 

Me*  +  NO2  MeO*  +  NO  (12) 

Me* +NO3 Me0N02  (13) 

MeO*  +  NO2  Me0N02  (14) 


The  first-order  rate  constant  found  experimentally  should  apparently 
be  attributed  to  the  first  step  of  this  sequence  provided  that  all  the  subse¬ 
quent  reactions  are  fast.  Thus,  the  mechanism  of  the  thermolysis  of  com¬ 
pounds  1-7  can  be  analyzed  using  the  kinetic  data  listed  in  Table  1 . 

The  activation  energies  of  frie  decomposition  of  trinitroalkanes  and 
secondary  nitramines  are  close,  whereas  the  preexponential  factors  are 
appreciably  dissimilar.  In  the  former  case,  they  always  exceed  10^®  s'\ 
while  in  the  latter  case,  they  are  seldom  greater  than  10^'’  ®  s’\  Thus,  de¬ 
compositions  of  a  trinitromethyl  group  and  of  a  nitramino  group  can  be  dis¬ 
tinguished  from  each  other  only  based  on  the  rate  constants,  which,  unlike 
the  E  values,  are  measured  with  high  accuracy  and  can  differ  by  a  factor 
of  60  for  monofunctional  compounds.  Effects  of  substituents,  an  increase 
in  the  number  of  reaction  groups  in  polyfunctional  compounds,  and  simply 
the  errors  in  determination  of  E  distort  the  relationship  between  the  Ar¬ 
rhenius  parameters  characterizing  the  cleavage  of  the  C  -  N  and  N  -  N 
bonds  but  not  between  the  corresponding  rate  constants.  Thus  an  error  in 
determination  of  E  is  always  counterbalanced  by  a  change  in  A  (false 
compensation  effect),  which  has  only  minor  influence  on  the  difference 
between  the  rate  constants. 

From  a  comparison  of  the  magnitudes  of  rate  constants  k  and  pre¬ 
exponential  factors  A,  it  follows  that  decomposition  of  compounds  1-3 
begins  with  trinitromethyl  groups. 
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In  the  case  of  compounds  4  -  7,  the  easiest  way  of  choosing  be¬ 
tween  the  decomposition  of  nitramino  and  fluorodintromethyl  groups  is  to 
use  the  E  values  for  the  reaction.  The  rates  of  decomposition  of  these 
groups  at  the  temperatures  used  in  our  experiments  differ  by  approxi¬ 
mately  an  order  of  magnitude,  and  their  E  differ  by  6  kcal/mol,  which  is 
much  greater  than  the  experimental  error.  The  data  for  compounds  4-7 
presented  in  Table  1  (low  E  values  and  moderate  A  values)  unambiguously 
indicate  that  decomposition  of  these  compounds  begins  with  nitramino 
groups. 

By  comparing  groups  of  compounds  1-3  and  4-7  one  can  see 
that  the  ratio  of  the  rate  constants  for  key  compounds  1  and  4  is  equal  to 
95,  i.e.,  it  is  larger  than  that  in  the  case  of  monofunctional  compounds, 
and  that  the  smallest  ratio  (between  compounds  3  and  6)  is  30.  The  rates 
of  decomposition  of  compounds  3  and  6  are  7  and  18  times,  respectively, 
greater  than  those  for  the  reference  monofunctional  compounds.  Thus,  a 
comparison  of  the  groups  of  compounds  1-3  and  4-7  leads  to  the  con¬ 
clusion  that  decomposition  of  polyfunctional  compounds  1-3  involves  the 
less  stable  trinitromethyl  group. 

The  results  obtained  here  make  it  possible  to  identify  a  number  of 
fine  effects  concerning  the  rate  and  mechanism  of  decomposition  of  the 
compounds  studied. 

Compound  1  is  10  times  less  stable  than  1,1,1-trinitroethane,  be¬ 
cause  the  C  -  N  bond  in  it  is  ~2  kcal/mol  less  strong.  This  difference  can 
be  fully  attributed  to  the  inductive  influence  of  the  /f -nitramino  group  on 
the  decomposition  of  the  C(N02)3-group. 

Using  the  views  on  the  secondary  reactions  accompanying  decom¬ 
position  of  trinitroalkanes  reported  in  the  literature  [5]  and  the  data  on  the 
transformations  of  the  methyinitramine  radical  MeN*N02  in  an  oxidative 
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NO  and  NO2  medium  [8],  the  detailed  mechanism  of  the  decomposition  of 
compound  1  can  be  represented  by  Scheme  1 ,  This  scheme  provides  for 
a  qualitative  explanation  of  the  composition  of  the  thermolysis  products 
formed  from  1  including  the  high  yield  of  methyl  nitrate  and  the  absence  of 
N2O.  It  is  unlikely  that  the  same  products  are  formed  upon  the  primary 
cleavage  of  the  N  -  N  bond  in  compound  1 .  Detailed  schemes  of  the  fast 
chemical  reactions  that  accompany  decomposition  of  secondary  nitra- 
mines  have  not  yet  been  reliably  established.  Hov\/ever,  it  is  known  [1]  that 
decomposition  of  these  compounds  always  yields  N2O  or  stable  N-nitroso- 
derivatives,  which  have  not  been  detected  among  the  products  of  decom¬ 
position  of  1 .  Thus,  the  homolytic  mechanism  proposed  for  decomposition 
of  1 ,  according  to  which  dissociation  of  the  C  -  N  bond  is  the  first  step  of 
the  process,  is  quite  justified. 

The  CO  and  CO2  resulting  from  the  thermolysis  of  1,1,1- 
trinitroalkanes  are  formed  from  the  a  -C  atom.  This  carbon  atom  passes 
into  nitrile  or  carbonyl  groups  to  only  a  small  extent.  The  p-Z  atom  is  not 
oxidized  at  the  C  -  H  bonds  and  enters  into  the  composition  of  stable 
compounds  in  combination  with  some  groups  such  as  OH,  NO2,  or  ONO2 
[5].  In  compounds  like  1,  the  p-Z  atom  also  undergoes  complete  oxidation 
due  to  the  low  strength  of  the  C  -  N  bond  in  H2C*-  NNO2R  (see  Scheme 
1).  Subsequently,  the  nitramino  group  is  decomposed,  and  the  reaction 
stops  only  at  the  s-Z  atom.  Partial  oxidation  in  excess  NO?  yields  stable 
nitro  ester.  At  temperatures  of  decomposition  of  nitro  esters,  they  are  con¬ 
verted  into  alcohols  and  carboxylic  acids  or  undergo  the  deeper  oxidation 
at  the  s  -C  atom. 

The  above-presented  scheme  of  secondary  reactions  can  be  applied 
to  compounds  2  and  3.  It  can  be  assumed  that  in  the  case  of  compound  2, 
the  whole  molecule  immediately  decomposes  to  light  gaseous  products  in 


60  -  11 


a  sequence  of  rapid  secondary  reactions,  while  the  destruction  of  3  occurs 
in  two  steps:  after  the  rate-determining  abstraction  of  one  of  the  nitro- 
groups,  a  part  of  the  molecule  up  to  the  -position  is  oxidized  via  fast 
secondary  reactions,  whereas  the  rest  of  the  molecule  is  converted  to  in¬ 
termediate  A  of  the  RCH2(N02)NCH2C(N02)3  type,  where  R  =  CN, 
CH2OH,  COOH,  CH2ONO2,  or  CH2NO2. 

Comparison  of  the  rates  of  decomposition  of  compounds  1  and  3 
(see  Table  1)  reveals  the  following  feature  that  seems  strange  at  first 
glance.  Compound  1  contains  one  trinitromethyl  group  acting  as  a  reaction 
center,  while  compound  3  contains  two  groups  of  this  kind.  It  might  be  ex¬ 
pected  that  3  would  decompose  twice  as  fast  as  1 .  However,  the  gas  evo¬ 
lution  rate  constant  found  for  decomposition  of  3  is  far  from  being  twice 
larger  than  that  observed  for  1 ;  conversely,  it  is  even  somewhat  smaller. 
This  can  be  explained  by  the  fact  that  decomposition  of  3  occurs  stepwise 
via  intermediate  A,  whose  structure  was  considered  above.  The  essence 
of  the  stepwise  decomposition  becomes  clear  from  Scheme  2.  The  first 
step  of  the  decomposition  of  compound  3  is  characterized  by  the  rate  con¬ 
stant,  which  is  twice  as  large  as  that  for  compound  1 .  This  step  involves 
the  cleavage  of  one  of  the  trinitromethyl  groups,  and,  in  addition  to  gase¬ 
ous  products,  it  yields  a  condensed  intermediate  A  in  which  the  second 
C(N02)3  group  is  retained.  Decomposition  of  this  intermediate  is  the  sec¬ 
ond  step  of  process,  and  its  rate  is  half  that  observed  in  the  case  of  3. 

Scheme  2 

3^A  +  Pi(2/(i)  (1) 

A  ->  P2  {k2)  (2) 

The  curves  of  gas  evolution  were  calculated  assuming  that  the  first 
and  the  second  reactions  yield  equal  amounts  of  gaseous  products  Pi  = 
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P2  =  6Po  (Po  corresponds  to  the  evolution  of  1  mole  of  gaseous  products) 
and  k\=  k2  =  7.6-1  O'®  s'^  (as  in  the  case  of  1).  As  seen  from  Fig.  2,  the 
calculated  gas  evolution  curve  closely  simulates  a  first-order  reaction  and 
nearly  coincides  with  the  experimental  curve  for  decomposition  of  com¬ 
pound  3.  The  rate  constant  calculated  from  the  overall  curve  of  gas  evolu¬ 
tion  is  7.6-10'®  s'\  /.e.,  it  coincides  with  k^  and  is  somewhat  larger  than  the 
observed  rate  constant  for  the  decomposition  of  3  (5.9-10  ®  s'^).  Complete 
agreement  between  the  calculated  and  experimental  curves  was  obtained 
for  Pi  =  5Po,  P2  =  7Po.  This  result  makes  it  possible  to  draw  a  general 
conclusion:  the  rate  constant  for  gas  evolution  in  the  stepwise  decomposi¬ 
tion  of  compounds  with  two  reaction  centers  is  approximately  identical  to 
that  for  compounds  with  one  decomposition  center. 


tAnin 

Fig.  2.  Kinetic  curves  for  the  yield  of  gaseous  products  calculated  from 
Scheme  2  (see  the  text)  at  Pi  =  P2  =  6P0,  ki  =  /C2  =  7.6-10  ®  s'\  reaction 
(1 )  (7);  the  curve  for  P2  (2);  the  overall  curve  for  Pi  +  P2  (3);  the  asterisks 
mark  experimental  points  {k  =  5.9-10'®  s'^). 

Yet  another  unexpected  fact  can  be  discovered  by  comparing  the 
rates  of  decomposition  of  compounds  1  and  2  (see  Table  1  and  Fig.  1 ):  the 
decomposition  of  2  is  characterized  by  the  lower  activation  energy  and  oc¬ 
curs  at  a  substantially  higher  rate  than  the  decomposition  of  1 .  This  differ- 
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ence  between  compound  2  and  compounds  1  or  3  can  be  explained  by  the 
field  effect,  which  has  been  observed  previously  for  structural  analogs  of 
2,  namely,  for  pentane  derivatives  overloaded  with  nitro  groups  [5].  Owing 
to  steric  restrictions  and  electrostatic  interactions,  the  molecule  of  2  exists 
predominantly  in  a  twisted  conformation  [9],  in  which  one  of  the  O  atoms 
of  the  nitramine  group  approaches  the  C  atom  of  the  -C(N02)3  group  to  a 
distance  of  3.09  A  (which  is  smaller  than  the  sum  of  the  van  der  Waals 
radii  of  O  and  C  atoms  equal  to  3.19  A)  and  thus  stabilizes  the  free  va¬ 
lence  in  the  radical  generated  on  the  abstraction  of  NO2.  This  results  in  a 
decrease  in  the  E  value  and,  to  some  extent,  in  the  A  value  (since  free  ro¬ 
tation  around  the  C  -  C  bond  in  the  RCH2C*(N02)2  radical  becomes  hin¬ 
dered). 

The  rate  of  decomposition  of  compound  4  is  5  times  higher  than  the 
typical  rate  of  decomposition  of  a  planar  nitramine  group.  This  is  a  result  of 
the  inductive  influence  of  the  -C(N02)2F  group  on  the  -NNO2-  group  lo¬ 
cated  in  the  -position.  Note  that  in  compound  1,  the  effect  of  the  nitra- 
mino  group  on  the  destruction  of  -C(N02)3  is  twice  stronger. 

In  the  case  of  compound  5,  the  rate  constant  is  approximately  twice 
higher  than  that  for  nitramine  4;  this  is  due  to  the  inductive  effect  of  the 
two  fluorodinitromethyl  groups.  No  conformation  effects  are  manifested  in 
compound  5.  In  this  respect,  compound  5  differs  from  its  analog,  com¬ 
pound  2,  in  which  the  nitramine  group  exerts  a  strong  through-space  effect 
on  the  cleavage  of  the  C  -  N  bond. 

Compounds  6  and  7  contain  two  nitramino  groups  each,  and  the  rate 
constants  of  their  decomposition  are  4  and  2  times  larger  than  that  for 
compound  4,  respectively.  Possibly,  the  decomposition  of  these  com¬ 
pounds  proceeds  stepwise,  and  the  increase  in  the  rate  of  the  process 
(especially  in  the  case  of  6)  is  due  to  the  O...NNO2  through-space  inter- 
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action  of  the  nitramino  groups  separated  by  two  or  three  methylene 
bridges.  The  intermediate  six-  or  seven-membered  cyclic  structures 
needed  for  this  interaction  are  the  most  accessible  nonstrained  configura¬ 
tions  of  atoms  linked  to  one  another.  In  view  of  this  hypothesis,  it  is  of  in¬ 
terest  to  study  other  polyfunctional  nitramines  containing  the 
-N(N02)CH2CH2N(N02)-  structural  fragment. 

Thus,  in  the  study  of  polynitro-substituted  nitramines,  we  found  that 
the  decomposition  of  these  compounds  always  starts  from  the  cleavage  of 
those  bonds  that  are  the  least  strong  according  to  the  analysis  of  the  cor¬ 
responding  compounds.  The  reaction  proceeds  via  a  homolytic  mecha¬ 
nism  that  includes  the  cleavage  of  the  C  -  N  or  N  -  N  bonds.  The  strength 
of  these  bonds  decreases  by  1  -  2  kcal/mol  as  a  result  of  the  inductive 
effect  of  groups.  In  addition,  in  some  cases,  spatial  interactions  (field  ef¬ 
fect,  anchimeric  assistance),  which  are  impossible  in  monofunctional 
compounds,  may  also  be  manifested.  In  the  case  of  compound  2,  the  oc¬ 
currence  of  this  effect  can  be  regarded  as  proven,  while  for  compounds  6 
and  7,  its  role  has  been  assumed.  Yet  another  result  of  this  study  is  that 
the  kinetic  effect  of  the  stepwise  decomposition  of  polyfunctional  com¬ 
pounds  was  demonstrated  experimentally  as  followrs.  The  evolution  of  the 
final  products  imitates  the  first-order  kinetics  but  is  characterized  by  a 
smaller  rate  constant  than  the  destruction  of  the  initial  compound.  The 
first-order  kinetics  is  retained  for  this  sequence  of  transformations  if  the 
rate  constants  for  the  first  and  the  second  steps  are  close  to  each  other 
and  if  the  final  products  are  independently  produced  in  approximately  equal 
amounts  from  the  initial  compound  and  from  the  intermediate. 

The  scheme  for  stepwise  decomposition  can  be  easily  adapted  to 
compounds  containing  three  or  four  identical  reaction  groups,  and  it  can 
be  used  to  interpret  numerous  published  data  on  the  kinetics  of  decompo- 
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sition  of  polyfunctional  compounds  of  various  classes  (organic  azides, 
nitramines,  nitro  esters,  difluoroamines,  polynitro  compounds)  including 
explosives;  RDX,  HMX,  nitroglycerol,  PETN,  trinitrotriazidobenzene,  etc. 
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Abstract 

A  relatively  inexpensive  molecular  orbital  method  has  been  developed  for  estimating  bond 
dissociation  energies  ab  initio.  The  method  uses  a  combination  of  a  small  basis  set  (SV 
3-2 IG*)  together  with  density  functional  theory  (B3-LYP).  It  may  be  applied  to  quite  large 
models  by  the  normal  standards  of  ab  initio  quantum  mechanics  calculations.  Validation  of 
the  method  has  been  carried  out  for  a  diverse  range  of  bond  types  for  which  experimental 
data  is  available. 

The  method  has  been  applied  to  study  the  nitrate  ester  (0-N)  bond  strengths  in  model 
trinitrocellulose.  A  variation  in  bond  strength  with  ring  position  has  been  predicted.  We 
have  also  predicted  the  effect  of  ring  conformation  of  nitrocellulose  on  the  nitrate  ester  bond 
strength. 
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Introduction 

The  thermodynamic  bond  dissociation  energy  (BDE)  is  defined  as  the  enthalpy  change  during 
the  conversion  of  a  molecule  into  two  radical  moieties  by  the  scission  of  a  given  bond.  It  is 
therefore  calculated  by  the  difference  in  enthalpies  of  formation  of  the  radical  moieties  and 
the  parent  molecule.  It  is  an  important  property  which  is  often  invoked  in  the  kinetics  of 
unimolecular  reactions,  such  as  the  thermal  degradation  of  explosive  materials.  The 
measurement  of  BDEs  involves  difficult  and  expensive  experimental  thermodynamic 
techniques. 

Molecular  orbital  (MO)  calculations  have  been  used  to  estimate  theoretically  bond 
dissociation  energies  for  over  two  decades  (ref  1).  Over  the  past  ten  years  methods,  such  as 
the  Gl,  G2  and  "complete  basis"  methods  (ref  2),  have  been  developed  that  now  approach 
experimental  accuracy  for  predicting  BDEs.  However,  such  methods  are  still  relatively 
expensive  and  may  only  be  applied  to  small  molecules  (e.g.  a  maximum  of  5-10 
non-hydrogen  atoms).  An  important  aspect  of  such  predictions  is  the  necessity  to  include  a 
good  description  of  electron  correlation  (i.e.  a  description  of  how  electrons  move  under  the 
influence  of  the  other  electrons  in  the  molecule  -  such  motions  are  correlated  because  of  their 
mutual  repulsion).  These  accurate  methods  use  Moeller-Plesset  perturbation  theory  which 
scales  roughly  with  the  fifth  or  higher  power  of  the  number  of  atoms  or  electrons  in  the 
molecule. 

Recent  developments  have  focussed  attention  on  Density  Functional  Theory  (DFT)  methods 
(ref  3)  which  appear  to  offer  a  more  efficient  treatment  of  electron  correlation.  Software, 
such  as  the  Gaussian  94  package  (ref  4)  used  here,  now  allows  the  use  of  traditional  MO 
description  of  the  wavefunction  (linear  combination  of  atomic  orbitals  themselves  described 
by  Gaussian  functions)  with  a  variety  of  density  functionals.  Among  the  most  successful 
treatments  developed  recently  are  the  so-called  hybrid  functionals,  such  as  those  developed 
by  Becke  (ref  5.). 

In  this  paper  we  investigate  the  prediction  of  bond  dissociation  energies  of  a  wide  range  of 
small  molecules  using  a  hybrid  density  functional  combined  with  a  small  Gaussian  basis  set . 
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The  advantage  of  this  treatment  is  that  it  may  be  applied  to  larger  molecules.  We  therefore 
have  used  the  method  to  predict  the  nitrate  ester  (0-N)  bond  dissociation  energies  in  a  model 
trinitrocellulose  ring  as  a  function  of  ring  position  of  the  nitrate  group  and  ring  conformation. 
Such  calculations  would  normally  require  the  use  of  a  supercomputer  but  the  calculations 
here  were  carried  out  on  a  desktop  workstation. 


Methods 

We  have  used  the  B3-LYP  hybrid  density  functional  (ref  6)  combined  with  the  Gaussian 
split-valence  basis  set,  SV  3-2 IG*  (ref  7).  Calculations  were  performed  on  the  parent 
molecules  and  the  radical  moieties  formed  by  breaking  the  bonds.  Zero  point  energy  changes 
were  included  by  estimating  the  harmonic  vibrational  frequencies  of  parent  molecule  and 
radicals  using  the  Hartree  Fock  method  with  the  SV  6-31G*  basis  set  (ref  8).  The 
frequencies  were  scaled  by  a  well-established  factor  of  0.8929  (ref  2).  All  calculations  were 
performed  using  the  Gaussian  94  program  (ref  4)  or  the  GAMESS_UK  program  (ref  9)  on 
Silicon  Graphics,  IBM  or  Sun  desktop  workstations. 


Results  for  Small  Molecules 

Bond  dissociation  energies  have  been  predicted  for  a  variety  of  bond  types  and  are  compared 
with  experimental  values  in  Tables  1, 2  and  3.  Also  shown  are  predictions  made  with  a  more 
traditional  MO  method  (Moeller-Plesset  level  2  treatment  with  the  SV  6-3 IG*  basis  set  -  see 
ref  1)  and  the  much  more  expensive  G2  method  (ref  2). 

An  examination  of  the  statistics  from  these  results  is  instructive.  The  G2  results  demonstrate 
the  accuracy  of  this  method  by  having  a  squared  correlation  coefficient,  /f^,  of 0.990  and 
standard  deviation,  a,  of  2.6  kcal/mol  with  the  experimental  values.  The  traditional  Moeller 
Plesset  level  2  method  (IJMP2/6-31G*)  has  R-  =  0.900  and  a  =  10.2  kcal/mol.  The  density 
functional  method  (B3-LYP/3-21G*)  is  the  least  expensive  technique  but  has  =  0.953  and 
a  =  6.7  kcal/mol.  Furthermore,  much  of  this  error  is  concentrated  in  a  few  cases  involving 
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very  small  molecules  such  as  HF  and  water  where  a  very  accurate  description  of  electron 
correlation  is  probably  required. 

In  most  cases  the  density  functional  technique  outperforms  the  MP2  method  and  often  rivals 
the  expensive  G2  predictions  for  accuracy.  In  the  few  nitrate  ester  N-O  single  bonds  for 
which  we  have  found  experimental  information  (ref  10 )  there  are  indications  that  the 
density  functional  method  is  most  accurate  (Table  3).  It  should,  however,  be  noted  that  the 
method  is  not  suitable  for  predicting  the  full  energy  surface  for  bond  dissociation  because  the 
local  density  approximation  is  poor  at  dealing  with  extended  bond  lengths  in  molecules. 


Application  to  Nitrocellulose 

Nitrocellulose  has  been  used  as  an  energetic  polymer  binder  in  PBX  formulations.  The 
thermal  stability  of  nitrocellulose  is  therefore  of  considerable  interest  (ref  1 1)  and  the 
breakdown  mechanism  is  not  well  understood.  Three  different  ring  positions  are  possible 
for  the  nitrate  groups  (Figure  1).  Studies  have  consistently  shown  that  the  primary  (C6) 
nitrate  ester  is  most  stable.  A  high  resolution  Fourier  transform  nmr  study  (ref  12)  indicated 
that  the  C3  ester  is  more  stable  than  the  C2. 

A  major  advantage  of  the  density  functional  method  described  above  is  its  applicability  to 
quite  large  molecules  by  ab  initio  MO  standards.  We  have  therefore  calculated  the  nitrate 
ester  bond  dissociation  energies  for  the  three  ring  positions  in  a  model  nitrocellulose.  The 
chosen  model  was  a  single  ring  with  the  glycidyl  linkages  capped  with  methoxy  groups 
(Figure  1 ).  Calculations  were  performed  on  this  molecule  and  the  corresponding  radicals 
formed  by  breaking  each  N-0  bond  in  turn.  The  zero  point  energy  change  was  too  large  to 
calculate  directly  and  was  estimated  from  equivalent  calculations  on  i-propyl  nitrate  (for  C2 
and  C3  positions)  and  CH30CH(CH3)CH20N02  (for  C6)  as  4.5  kcal/mol,  irrespective  of  ring 
position  of  the  nitrate  group. 

The  results  are  shown  in  Figure  1  as  values  of  the  BDE  adjacent  to  each  ester  bond.  The 
primary  (C6)  nitrate  ester  is  predicted  to  the  most  stable  in  agreement  with  experiment. 
However,  the  C3  ester  is  predicted  to  be  less  stable  than  the  C2  ester  in  contrast  to  the  nmr 
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experimental  work.  The  calculated  BDEs  are  therefore  in  the  stability  order  C6  =  C2  >  C3. 
The  difference  between  C2  and  C3  is  small  and  certainly  within  the  likely  errors  of  the 
calculations. 

A  further  topic  of  interest  lies  in  the  effect  of  ring  conformation  on  the  ester  stability.  It  is 
generally  assumed  that  ring  inversion  does  not  take  place  in  nitrocellulose  because  of  the 
conformational  changes  that  would  be  necessitated  by  the  polymer  chain.  However,  studies 
by  ourselves  using  molecular  mechanics  and  semi-empirical  molecular  orbital  calculations 
on  the  isolated  ring  model  described  above  indicate  that  at  least  one  boat  form  and  possibly 
an  inverted  chair  form  should  be  populated  at  normal  temperatures  (See  Figure  2). 
Nitrocellulose  undergoes  a  considerable  thermal  history  during  nitration  and  subsequent 
digestion  processes  during  its  manufacture.  Perhaps  it  is  possible  that  ring  inversion  occurs 
as  an  alternative  means  of  relieving  strain.  Ring  inversion  would  force  the  nitrate  ester 
groups  from  equatorial  into  axial  positions.  What  then  are  the  implications  for  the  nitrate 
ester  bond  strength? 

This  question  may  only  be  answered  by  theoretical  modelling.  We  have  estimated  the  BDEs 
using  the  density  functional  method  described  above  for  one  boat  conformer  (boat  1)  and  the 
inverted  chair  conformer  shown  schematically  in  Figure  2,  The  results  are  shown  in  Table  4. 
Inverted  the  ring  to  the  opposite  chair  conformation  is  seen  to  weaken  the  secondary  nitrate 
esters,  while  the  primary  (C6)  stays  unchanged.  In  the  inverted  chair  all  the  nitrate  esters  are 
in  equatorial  positions.  For  the  "boat  1"  form  of  Figure  2  we  have  calculated  the  bond 
strength  of  the  predicted  weakest  nitrate  ester  (C3).  The  result  is  intermediate  between  the 
two  chair  forms. 


Conclusions 

We  have  evaluated  an  efficient  method  of  predicting  themodynamic  bond  dissociation 
energies  by  ab  initio  molecular  orbital  methods.  While  not  as  accurate  as  the  state  of  the  art 
methods,  our  technique  may  be  applied  to  quite  large  molecules.  In  particular,  it  appears  to 
be  particularly  accurate  for  nitrate  ester  N-O  bonds.  We  have  used  it  to  study  the  strength  of 
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the  nitrate  esters  in  model  trinitrocellulose,  both  as  a  function  of  ring  position  and  ring 
conformation. 
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Figure  1  Model  used  for  Trinitrocellulose  with  Calculated  Bond  Dissociation  Energies 
(kcal/mol)  of  Nitate  Ester  N-O  bonds 
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Figure  2  Models  used  for  Different  Ring  Conformations  of  Trinitrocellulose 
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Table  1  Experimental  and  Predicted  H-X  Bond  Dissociation  Energies  (kcal/mol) 


Bond 

Expt. 

B3-LYP/3-21G* 

UMP2/6-31G* 

G2 

H-CHj 

103.8 

104.8 

94.6 

104.1 

H-CH2CH3 

101.1 

100.4 

91.6 

100.6 

H-CH(CH3)2 

98.6 

97.6 

91.8 

100.6 

H-CHjOH 

98.0 

93.0 

86.7 

96.2 

H-HC(O) 

87.0 

86.9 

77.3 

87.9 

H-CN 

123.8 

127.6 

134.8 

126.9 

H-CHjF 

103.1 

97.0 

90.7 

101.2 

99.5 

97.0 

91.9 

103.1 

H-CF3 

105.9 

102.3 

97.3 

108.5 

H-CHjCl 

100.8 

99.4 

90.4 

99.3 

H-CHCI2 

98.4 

96.6 

88.5 

97.4 

H-CCI3 

93.6 

93.8 

86.3 

H-CH2OCH3 

93.0 

94.3 

87.7 

96.2 

H-C(0)CH3 

89.4 

89.2 

80.9 

90.5 

H-CH=CH2 

111.3 

110.5 

107.5 

112.3 

H-CCH 

132.9 

133.6 

140.8 

135.0 

H-OCH3 

104.4 

91.3 

93.2 

105.1 

H-C(0)0CH3 

97.1 

97.8 

95.6 

H-OH 

119.2 

102.3 

105.0 

119.3 

H-OOH 

88.1 

77.5 

78.0 

87.8 

H-0C(0)CH3 

105.8 

100.8 

105.1 

H-NH2 

107.4 

102.1 

96.1 

108.0 

H-F 

136.2 

110.4 

118.9 

137.2 

H-Cl 

103.2 

97.6 

86.0 

103.8 

N.B.  Gaps  in  the  results  indicate  that  the  calculation  was  too  large  for  our  resources. 
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Table  2  Experimental  and  Predicted  Bond  Dissociation  Energies  (nonH-R  bonds) 


CH,-CH, 


CH3-CH2CH3 


HOCH2-CH2OH 


CH3-CH(0) 


CH3-C(0)CH3 


CH3-C(0)0H 


CH3-C(0)0CH3 


HC(0)-C(0)H 


CH3-CN 


NC-CN 


CH2=CH3  (singlet)* 


CH3-OH 


(CH3)2CH-0H 


CH3-OCH3 


CH3C(0)-0H 


HC(0)-0CH3 


CH3C(0)0-CH3 


CH3C(0)-0CH3 


C1-CH3 


C1-CH2C1 


C1-CHC12 


C1-CC13 


HO-OH 


CH3-NO2  60.8  54.4 


*  singlet  indicates  formation  of  two  single  CH2  moieties;  triplet  indicates 
two  triplet  CH2  moieties. 


formation  of 


N.B.  Gaps  in  the  results  indicate  that  the  calculation  was  too  large  for  our  resources. 
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Table  3  Bond  Dissociation  Energies  for  Nitrate  Ester  Bonds 


jBond 

Expt. 

B3-LYP/3-21G* 

UMP2/6-31G* 

G2 

40.7 

40.4 

45.3 

44.7 

CH3CH2O-NO2 

40.8 

40.4 

45.3 

CH3CH2CH2O-NO2 

40.5 

40.2 

45.4 

(CH3)2CH0-N02 

40.9 

40.3 

43.8 

N.B.  Gaps  in  the  results  indicate  that  the  calculation  was  too  large  for  our  resources. 


Table  4  Predicted  Nitrate  Ester  N-O  Bond  Dissociation  Energy  as  a  Function  of  Ring 
Conformation  for  Trinitrocellulose 


Bond 

"Normal"  Chair 

"Inverted" 

Chair 

"Boat  1" 

C20-N02 

38.5 

35.0 

C30-N02 

36.8 

30.8 

32.4 

C60-N02 

38.7 

38.5 
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ABSTRACT 


It  is  a  continuing  objective  in  the  design  and  production  of  explosives  to  provide 
compositions  which  are  highly  energetic  when  intentionally  initiated,  but  in  which  the 
risk  of  unintentional  detonation  is  minimized.  A  series  of  new  explosives  have  been 
developed  based  on  the  new  insensitive  high  explosive  4,10-dinitro-2,6,8,12,-tetraoxa- 
4,10-diazatetracyclo-[5.5.0.05,903,11]dodecane  (TEX).  Although  the  synthesis  of  TEX 
was  initially  reported  by  Boyer'  in  1990,  it  received  little  attention  in  the  energetic 
materials  community  until  recently.  Thiokol  Corporation  has  recently  developed  an 
improved  two  step  synthetic  route  for  the  production  of  TEX  which  involves  the  use  of 
readily  available,  low  cost  materials.  This  new  synthesis  has  resulted  in  sufficient 
quantity  of  this  material  being  available  to  allow  some  initial  evaluations  to  be 
conducted. 

Characterization  of  TEX  shows  it  to  be  more  thermally  stable  and  significantly  less 
sensitive  to  shock,  impact  and  friction  than  conventional  high  performance  solid 
nitramines  such  as  RDX,  HMX  or  CL-20.  TEX  has  also  been  shown  to  be  less  likely  to 
proceed  from  deflagration  to  detonation  than  conventional  nitramines.  Theoretical 
performance  calculations  of  explosives  utilizing  TEX  predict  increased  performance 
relative  to  NTO,  principally  due  to  its  high  density. 

In  studies  performed  to  obtain  performance  characteristics  of  TEX  a  simple  castable 
explosive  was  prepared  using  an  energetic  binder  system  and  compared  to  analogous 
explosives  using  RDX  and  NTO.  In  instrumented  card  gap  tests  the  TEX  explosive 
detonated  at  0  cards  but  did  not  detonate  at  70  cards,  while  RDX  and  NTO  analogues 
detonated  at  both  0  and  70  cards.  Furthermore,  the  detonation  velocity  of  the  TEX 
explosive  at  0  cards  was  higher  than  the  NTO  explosive.  In  shock  sensitivity  studies 
the  go  no-go  point  of  a  93%  solids  TEX  pressed  expiosive  was  found  to  be 
approximately  150  cards  less  than  an  analogous  HMX  composition. 

BACKGROUND 


During  the  past  decade  a  significant  effort  has  been  made  in  the  development  of  high 
explosives  which  meet  the  insensitive  munitions  requirements  of  MIL-STD  2105, 
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"Military  Standard  Hazard  Assessment  Tests  For  Non-Nuclear  Ordnance."  A  common 
formulation  strategy  used  to  develop  insensitive  munitions  (IM)  explosives  is  to  replace 
some  of  the  conventional  ingredients  such  as  HMX  or  RDX  with  less  sensitive 
ingredients  such  as  3-nitro-1 ,2,4-triazol-5-one  (NTO)  and  nitroguanidine  (NQ).  This 
formulation  approach  has  been  successful  in  the  development  of  less  sensitive 
explosives:  however,  the  performance  of  these  explosives  is  often  not  acceptable  for 
the  desired  application.  Clearly  there  is  still  a  need  to  develop  new  ingredients  and 
formulations  which  are  insensitive  to  common  stimuli  and  still  retain  the  desired 
performance  characteristics. 

SYNTHESIS  AND  CHARACTERIZATION 


TEX  is  a  caged  nitramine  and  has  the  structure  shown  in  Figure  1 .  The  synthesis  of 
TEX  reported  by  Boyer  is  a  two  step  process  in  which  diformyltetrahydroxypiperazine 
(DFTHP)  is  formed  by  the  reaction  of  formamide  and  glyoxal.  DFTHP  is  then  nitrated 
by  sequential  treatment  with  sulfuric  and  then  nitric  acids  in  the  presence  of  glyoxal  to 
give  TEX.  Thiokol  has  made  improvements  to  the  synthesis  which  have  increased  both 
the  yield  and  purity.  These  improvements  are  the  subject  of  pending  patents  and  have 
greatly  simplified  the  scale-up  of  TEX. 


Figure  1 .  Structure  of  TEX.  The  structural  similarity  of  TEX  to  the  well-known  CL-20  is  obvious.  In  this 
depiction,  the  hydrogen  atoms  are  deleted  for  simplicity  and  the  carbon  atoms  are  not  labeled. 

Early  samples  of  TEX  produced  at  Thiokol  had  a  relatively  small  particle  size  with  a 
broad  distribution.  As  additional  improvements  in  the  synthesis  were  made,  the  particle 
size  obtained  increased  and  the  particle  size  distribution  became  narrower  (see  Figure 
2).  Over  100  pounds  of  TEX  has  been  produced  to  date  for  evaluation  in  explosive  and 
propellant  compositions.  Efforts  with  grinding  TEX  in  a  fluid  energy  mill  have  also 
proven  particularly  successful  (see  Figure  3). 
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Figure  2.  TEX  Particle  Size  Distribution.  Shown  above  is  the  particle  size  of  TEX  as  obtained  directly  from 
the  nitration  reaction  after  quench  and  washing. 


Figure  3.  Ground  TEX  Particle  Size  Distribution.  This  material  was  obtained  from  the  distribution  initially 
obtained  from  the  nitration  by  fluid  energy  mill  grinding. 
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Figure  4.  Micrograph  of  TEX.  The  quality  of  the  individual  TEX  crystals  and  the  favorable  shape  are 
apparent  in  this  photomicrograph. 

The  heat  of  formation  of  TEX  was  experimentally  determined  to  be  -106.5  kcal/mole 
and  its  density  was  reported  by  Boyer  to  be  1 .99  g/cc.  This  density  is  consistent  with 
out  experimental  data  and  the  high  density  of  TEX  can  be  attributed  to  its  three 
dimensional  caged  structure.  Laboratory  scale  safety  tests  have  been  conducted  which 
demonstrate  that  TEX  is  much  less  sensitive  to  friction  and  impact  stimuli  than  RDX  and 
HMX.  TEX  has  excellent  thermal  stability,  is  compatible  with  common  inert  and 
energetic  polymers  and  plasticizers,  fuels,  and  oxidizers.  TEX  also  appears  to  have  a 
mild  cook-off  response  and  evolves  very  little  gas  during  the  vacuum  thermal  stability 
test  (0.05  ml  gas  is  evolved  after  48  hours  @  1 00°C).  Selected  safety  data  for  TEX, 
RDX,  HMX,  and  NTO  are  shown  in  Table  I  (SBAT^  is  a  small  scale  autoignition  test 
which  has  been  developed  at  Thiokol  and  successfully  used  to  predict  the  cook-off 
temperature  of  energetic  materials  in  full  scale  test  articles). 


1  Table  1.  Summary  Of  Safety  Test  Results  For  TEX,  RDX,  HMX,  and  NTO. 

Material 

Impact 

ABL  Friction 
(psi  @ 
ft/sec,  t.i.l.) 

ESD 

(Joules, 

50%) 

SEAT  onset 
fC) 

Thiokol  (in, 
50%) 

ABL  (cm, 
t.i.l.) 

TEX  (200  p) 

>46 

33 

800  @8 

>8 

199 

RDX  (10  p) 

22 

3.5 

130  @4 

<0.03 

189 

HMX  (20  p) 

27 

1.8 

50  @4 

0.25 

208 

NTO  (250  p) 

43 

26 

800  @8 

>8 

234 

Additional  testing  which  demonstrated  the  insensitive  nature  of  TEX  was  performed 
using  a  small-scale  deflagration-to-detonation  transition  (DDT)  test.  This  DDT  test, 
initially  developed  in  the  former  Soviet  Union  in  the  early  1970's^'^  uses  a  thick  walled 
ductile  metal  tube  which  is  filled  with  the  energetic  material  to  be  evaluated.  The  tube 
is  sealed  at  both  ends  and  the  energetic  material  is  ignited.  If  the  material  transitions 
from  burning  to  detonation  then  the  detonation  wave  expands  the  tube,  otherwise  the 
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inner  diameter  of  the  tube  remains  unchanged.  The  distance  between  the  initiation  of 
the  burn  and  the  detonation  is  an  important  parameter  used  in  this  test  to  rank  the 
tendency  of  a  material  to  undergo  DDT.  When  TEX  and  NTO  were  evaluated  in  this 
test  they  did  not  detonate,  while  materials  such  as  RDX,  HMX,  TNAZ  and  CL-20  readily 
detonate  in  this  test. 

THEORETICAL  EXPLOSIVE  PERFORMANCE 


Theoretical  computer  modeling  calculations  have  been  made  to  predict  the 
performance  of  TEX  as  a  neat  material  and  in  typical  explosives.  Selected  calculations 
are  shown  in  Table  II.  As  shown  by  these  calculations  the  predicted  performance  of 
TEX  is  better  than  NTO  and  NO  and  is  similar  to  RDX.  These  calculations  were 
performed  using  TIGER'*  computer  program  with  the  BKW  equation  of  state.  Similar 
calculations  have  been  performed  using  the  JCZ3  equation  of  state.  The  JCZ3  equation 
of  state  predicts  the  performance  of  TEX  to  be  better  than  NQ,  similar  to  NTO  and 
somewhat  lower  than  RDX.  Because  of  the  apparently  non-ideal  detonation  reaction  of 
TEX  it  is  suggested  that  JCZ3  be  used  to  predict  the  performance  of  explosives 
containing  appreciable  quantities  of  TEX. 


Table  II.  Performance  Predicted  By  TIGER  Using  BKW  Equation  Of  State. 

Material 

Density  (g/ml) 

Detonation  Pressure 
(katm) 

Detonation  Veiocity 
(m/sec) 

TEX 

1.99 

370 

8665 

RDX 

1.82 

360 

8802 

NTO 

1.91 

307 

8120 

NQ 

1.71 

286 

8348 

TEXn-NT  (75/25) 

1.89 

329 

8306 

RDXTTNT  (75/25) 

1.77 

325 

8435 

NTO/TNT  (75/25) 

1.84 

288 

7938 

NQ/TNT  (75/25) 

1.70 

277 

8146 

INITIAL  EXPLOSIVES  CHARACTERIZATION 

Initial  studies  performed  to  obtain  performance  characteristics  of  TEX  were  performed 
using  a  simple  castable  explosive.  The  composition  selected  for  this  evaluation 
consisted  of  70  percent  TEX  in  a  poly(glycidyl  nitrate)  (PGN)/DEGDN  binder  system. 
For  comparative  purposes  analogous  explosives  using  RDX  and  NTO  were  prepared. 
Each  explosive  was  mixed  and  loaded  into  two  standard  LSGT  card  gap  pipes.  The 
card  gap  pipes  were  instrumented  every  inch  to  determine  detonation  velocity.  The 
results  of  this  test  series  are  shown  in  Table  III.  As  shown  in  Table  III,  the  explosive 
containing  TEX  detonated  at  0  cards  but  did  not  detonate  at  70  cards,  while  the  RDX 
and  NTO  explosives  detonated  at  both  0  and  70  cards.  Furthermore,  based  on  the 
detonation  velocity  TEX  outperformed  NTO  but  fell  quite  short  of  the  RDX  anaiog 
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indicating  that  the  non-ideal  nature  of  the  TEX  detonation  reaction  is  important.  This 
was  verified  in  experiments  in  which  the  TEX  detonation  products  were  frozen  by 
adiabatic-free  expansion  followed  by  mass  spec  analysis.®  These  experiments  showed 
the  production  of  TEX  decomposition  products  occurred  over  a  period  of  time  roughly 
30  times  longer  than  for  HMX.  This  is  slower  than  for  TATB.  Further,  the  products 
included  considerable  higher  molecular  weight,  complex  species  typical  of  non-ideal 
detonation. 


Table  III.  LSGT  Test  Results  With  Castable  Explosives 

Energetic  Solid* 

Gap  (cards) 

Input  Pressure  (kbar) 

Test  Results 

TEX 

zero 

213.1 

detonation,  681 1  m/sec 

TEX 

70 

69.8 

no  detonation,  recovered 
unburned  explosive 

NTO 

zero 

213.1 

detonation,  6263  m/sec 

NTO 

70 

69.8 

detonation,  5571  m/sec 

RDX 

zero 

213.1 

detonation,  7844  m/sec 

RDX 

70 

69.8 

detonation,  790  m/sec 

*  All  explosives  contained  70%  solids  in  a  PGN/DEGDN  binder  system.  | 

The  insensitive  nature  of  TEX  was  also  demonstrated  in  a  composite  explosive 
containing  20%  TEX,  a  PGN/DEGDN  binder,  ammonium  perchlorate  and  aluminum 
powder.  An  similar  explosive  was  prepared  in  which  the  TEX  was  replaced  with  HMX. 
These  explosives  were  also  cast  into  two  each  instrumented  LSGT  card  gap  pipes. 

The  results  of  the  card  gap  tests  on  these  explosives  are  shown  in  Table  IV.  Even 
though  these  explosives  only  contained  20%  nitramine  a  significant  reduction  in 
sensitivity  was  achieved  through  the  use  of  TEX.  As  shown  in  Table  IV  both  explosives 
detonated  at  35  cards,  but  the  explosive  containing  TEX  did  not  detonate  at  70  cards 
while  the  explosive  which  used  HMX  detonated  at  70  cards. 


Table  IV.  LSGT  Test  Results  For  Castable  Composite  Explosives 

Composition 

Gap  (cards) 

Input  Pressure  (kbar) 

Test  Result 

TEX/AP/AI 

35 

92.0 

detonation,  5579  m/sec 

TEX/AP/AI 

70 

69.8 

no  detonation,  ave. 
reaction  rate  2409  m/sec 

HMX/AP/AI 

35 

92.0 

detonation,  7432  m/sec 

HMX/AP/AI 

70 

69.8 

detonation,  7180  m/sec 

TEX  has  also  been  successfully  formulated  into  pressed  explosives  using  energetic  and 
non-energetic  explosives.  For  example  in  a  formulation  containing  93%  TEX  and  7% 
Estane®  the  go/no-go  shock  sensitivity  in  the  insensitive  high  explosives  gap  test  the 
shock  sensitivity  was  found  to  be  between  63  and  75  cards.  The  go/no-go  shock 
sensitivity  in  analogous  HMX/Estane®  explosive  was  between  216  and  219  cards. 
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Because  of  the  favorable  response  of  explosives  containing  TEX  in  card  gap  testing  it  is 
expected  that  these  formulations  will  have  milder  reactions  to  sympathetic  detonation, 
buliet  impact  and  shaped  charge  jet  attack  than  analogous  explosives  which  use 
conventionai  nitramines.  The  mild  response  of  TEX  in  small,  unconfined,  cook-off  tests 
is  very  encouraging  and  gives  the  promise  of  a  mild  response  in  confined  full  scale 
cook-off  testing.  Clearly  additional  testing  and  evaluation  of  TEX  and  TEX  based 
explosives  is  needed  to  confirm  these  trends. 

SUMMARY  AND  CONCLUSIONS 


TEX  is  a  new  energetic  material  which  is  readily  synthesized  from  low  cost  starting 
materiais.  It  has  a  promising  biend  of  insensitivity  and  performance.  It  is  readily  used 
with  inert  and  energetic  binder  systems  in  castable  and  pressed  explosives.  It  is 
planned  to  continue  the  development  of  TEX  in  new  high  performance,  IM  explosives. 
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Detonation  in  Condensed  Phases,”  Israel  Program  for  Scientific  Translations,  Jerusalem,  1975.  142-148. 
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HERSTELLUNG  VON  AMMONiUMDINITRAMID-PARTIKELN 
FORMATION  OF  AMMONIUM  DINITRAMIDE  (ADN) 
PARTICLES 


U.  Teipel,  T.  Heintz,  K.  Leisinger,  H.  Krause 


Fraunhofer-lnstitut  fur  Chemische  Technologie  (ICT) 
Postfach  1240,  76318  Pfinztal 


Abstract 

Ammonium  dinitramide  (ADN)  is  a  powerful  oxidizer  that  should  be  used  in 
propellants  and  explosives  in  future.  The  particle  shape  of  synthesized  ADN  is  not 
unique  and  contains  agglomeration.  To  have  an  intentional  influence  on  the  burning 
rate,  it  is  necessary  to  modify  the  particle  shape  of  the  initial  material  to  particles  with 
a  defined  ratio  of  surface/volume.  Besides,  it  is  necessary  to  produce  particles  with 
predetermined  mean  particle  size  and  particle  size  distribution.  To  keep  this  demand 
it  is  practical  and  functional  to  formate  spherical  particles. 

Spheres  can  be  shaped  in  a  two-phase  system.  In  this  case,  the  molten  ADN  is 
dispersed  in  a  continuous  phase  which  is  not  mixable  with  ADN.  Caused  by  the 
surface-  and  interfacial  tension  the  molten  droplets  take  on  a  spherical  shape. 
Emulsions  from  molten  ADN  and  different  oils  are  investigated.  The  solidification  of 
the  molten  droplets  to  spherical  particles  takes  place  during  the  cooling  down  to  a 
temperture  less  than  the  melting  point  of  ADN. 

By  the  choice  of  suitable  substances  and  optimizing  the  process  parameters, 
spherical  ADN  particles  with  a  mean  size  from  5  pm  until  800  pm  can  be  reproduced 
successfully. 
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1  Einleitung 

Ammoniumdinitramid  (ADN)  ist  ein  leistungsstarker  Oxidator  fur  Treib-  und  Explosiv- 
stoffe,  welcher  gegenuber  anderen  energetischen  Materialien  wesentliche  Vorteile 
hat/1,2/: 

•  Signaturarmer  Abgasstrahl  beim  Abbrand  von  ADN-Raketentreibstoffen 

•  Geringere  Gefahrdung  der  Umwelt  da  das  Abgas  frei  von  Chlor  und  Salzsaure  ist 

•  Hoher  Sauerstoffuberschuli 

Das  synthetisierte  ADN  hat  i.d.R.  eine  uneinheitliche  Partikelform  und  ist  agglo- 
meriert.  Urn  bestimmte  Eigenschaften,  wie  z.B.  das  Abbrandverhalten,  gezielt  zu 
beeinflussen  ist  eine  Rekristallisation  des  Ausgangsmaterials  zu  Partikein  mit 
definiertem  Oberflachen/Volumen-Verhaltnis  erforderlich.  AuBerdem  ist  es  notwendig 
eine  definierte  mittlere  PartikelgroBe  und  PartikelgroBenverteilung  herstelien  zu 
kdnnen.  Daher  hat  sich  die  Erzeugung  von  kugelformigen  Material  als  praktikabel 
und  zweckmaBig  enwiesen. 

Zur  Erzeugung  der  Kugelform  wird  ADN-Schmeize  in  einer  zweiten  Phase,  die  nicht 
mit  ADN  mischbar  ist,  fein  verteilt.  Die  Schmeizetropfen  nehmen  aufgrund  ihrer 
Ober-  bzw.  Grenzflachenspannung  eine  spharische  Gestait  an. 

Die  Untersuchungen  wurden  an  flussig/flussig-Systemen  durchgefuhrt.  Dazu  wurden 
Emulsionen  aus  ADN-Schmelze  und  verschiedenen  Olen  hergestellt.  Die  Umwand- 
lung  der  Schmelzetropfchen  zu  festen,  kugelformigen  Partikein  findet  wahrend  der 
Abkuhlung  der  Emulsion  auf  Umgebungstemperatur  statt,  also  unterhalb  der 
Schmelztemperatur  von  ADN. 

Durch  geeignete  Stoffauswahl  und  Optimierung  der  verfahrenstechnischen  Para¬ 
meter  kann  kugelfdrmiges  ADN  mit  einer  PartikelgroBe  von  5  pm  bis  800  pm 
reproduzierbar  herzustellen. 


2  Chemische  und  physikalische  Eigenschaften  von  ADN 


Summenformel: 

Dichte; 

Schmelzpunkt: 

Zersetzungstemperatur: 


NH4N(N02)2 
1,82-1,84  g/cm®/2/ 
91,5-92,5‘'C/3/ 
127  °C/3/ 
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Bildungsenthalpie  -AHf: 
Zersetzungsenergie: 
Massenverlust: 
Wassergehalt: 

Reibempfindlichkeit: 

Schlagempfindlichkeit: 


-150,6  kJ/Mol /2/ 

255  ±  12,5  kJ/Mol  131 
4  %  (nach  24  Stunden  bei  100  °C)  /3/ 
0,42  %  (nach  Synthese) 

0,41  %  (nach  Emulsionskristallisation) 
64  N 
3,5  Nm 


3  Versuchsdurchfiihrung 

Die  Herstellung  von  spharischen  ADN-PartikeIn  aus  Emulsionen  erfoigt  in  zwei  Teil- 
schritten: 

1 .  Herstellen  einer  W/O-Emulsion  aus  ADN-Schmelze  als  disperse  Phase  und  Ol  als 
kontinuierliche  Phase.  Eine  Bedingung  ist,  daS  die  Grenzflachenspannung 
zwischen  ADN-Schmelze  und  Ol  hinreichend  groU  ist  urn  spharische  Tropfen  zu 
erzeugen  und  diese  auch  bei  der  anschlieUenden  Erstarrung  nicht  von  der  Kristall- 
struktur  deformieren  zu  lassen. 

2.  Kristallisation  der  ADN-Tropfen  zu  fasten  spharischen  Partikeln.  Da  ADN- 
Schmelze  ein  stark  inhibiertes  Verhalten  aufweist,  ist  neben  der  UnterkOhlung  der 
Schmelze  eine  zusatzliche  Initiierung  durch  den  Eintrag  mechanischer  Energie 
Oder  durch  Partikel-Partikel  Wechselwirkung  erforderlich.  Dm  bei  der  Kollision  der 
Tropfen  Koaleszenz  Oder  Agglomeration  zu  vermeiden  sind  je  nach  Art  der 
gewahiten  kontinuierlichen  Phase  entsprechende  Emulgierhiifsstoffe,  wie  z.B. 
Stabilisatoren  Oder  Schutzkolloide,  beizufugen. 

Die  vom  Ruhrer  eingebrachte  Energie  darf  nicht  so  groU  sein,  dali  die  erstarrenden 
Partikel  bzw.  Tropfen  deformiert  warden.  Es  ist  moglich  den  Zeitraum  des  Phasen- 
uberganges  von  flussig  nach  fast  uber  die  ADN-Konzentration  in  der  Emulsion  zu 
steuern,  da  sich  die  Anzahl  der  StdlJe  mit  der  Konzentration  erhoht. 
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3.1  Versuchsaufbau 

Der  in  Abbildung  1  schematisch  dargestellte  Versuchsaufbau  wird  mit  maximal  3  g 
ADN  betrieben.  Grundsatzlich  warden  die  Versuche  nach  folgendem  Ablauf  durch- 
gefuhrt: 

1.  Das  Ol  (kontinuierliche  Phase)  und  evti.  Zusatzstoffe  warden  unter  Ruhren 
aufgeheizt. 

2.  ADN  zugeben  und  dispergieren. 

3.  Emulsion  abkuhlen  lassen  ->  Suspension. 

4.  Fest/flussig  Trennung  durchfuhren  und  ADN-Partikel  trocknen. 


Abbildung  1 :  Versuchsaufbau  im  LabormaSstab 


3.2  Stoffauswahl 

Als  kontinuierliche  Phase  wurde  Silikonol  Oder  Paraffinol  eingesetzt.  Es  wurden  ver- 
schiedene  Emulgierhilfsstoffe  verwendet: 

Tenside  fuhren  durch  Herabsetzung  der  Grenzflachenspannung  zwischen  ADN- 
Schmelze  und  Ol  zu  einem  leichterem  Tropfenaufbruch  und  somit  zu  kleineren  ADN- 
Tropfen.  Sie  losen  sich  aber  nicht  nur  in  der  kontinuierlichen  Phase,  was  wunschens- 
wert  ist,  sondern  ebenfalls  in  der  Schmelze  und  beeinflussen  deren  Eigenschaften. 
So  wird  bedingt  durch  die  Reduzierung  der  Grenzflachenspannung  der  Schmelze  die 
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Kugelform  der  Tropfen  beim  Kristallisieren  deformiert  und  die  unregelmalJig  geform- 
ten  Partikel  neigen  zur  Agglomeration. 

Die  verwendeten  Stabilisatoren  erhdhen  die  Viskositat  der  kontinuierlichen  Phase 
durch  Wasserstoffbruckenbindungen.  Daher  kann  beim  Ruhren  eine  groBere  Scher- 
spannung  auf  die  Schmelzetropfen  tibertragen  werden,  wodurch  man  die  Tropfen- 
groBe  beeinflussen  kann.  Der  zweite,  und  noch  entscheidendere  Vorteil  ist,  dalJ  die 
beim  Abkuhlen  und  Reduzieren  der  Ruhrerdrehzahl  wieder  ansteigende  Viskositat 
des  Oles  die  Koaleszenz  der  Tropfchen  verhindert.  Die  Ober-  bzw.  Grenzflachen- 
spannung  wird  nicht  verringert,  was  sich  positiv  auf  die  gewunschte  Kugelform  der 
Partikel  auswirkt.  Zu  beachten  ist  allerdings,  daB  die  Konzentration  des  Stabilisators 
und  die  Konzentration  der  dispersen  Phase  (ADN-Schmelze)  im  richtigen  Verhaltnis 
stehen,  da  sich  wenige  Teilchen  in  hochviskosem  Ol  gegenseitig  kaum  zur 
Erstarrung  anregen.  Dies  kann  dazu  fuhren,  daB  bei  Raumtemperatur  noch  neben 
festen  ADN-KugeIn  noch  flussige  Tropfchen  vorliegen. 


3.3  Nachbehandlung 

Die  ADN-Schmelzetropfen  erstarren  bei  ca.  69-76  °C.  Aus  der  Emulsion  wird  somit 
eine  Suspension  aus  welcher  das  feste  Produkt  abgetrennt  werden  muB. 

Aufgrund  der  Dichtedifferenz  zwischen  ADN  und  Ol  sedimentieren  die  Partikel.  Der 
groBte  Teil  des  Ols  kann  abdekandiert  und  der  Rest  mit  n-Heptan  abgespult  werden. 
Die  ADN-Partikel  konnen  im  Exsikkator  getrocknet  werden.  Bei  diesen  Vorgangen  ist 
zu  beachten,  daB  das  ADN  nicht  langere  Zeit  der  Umgebungsluft  ausgesetzt  ist,  da 
es  stark  hygroskopisch  ist  und  sofort  Feuchtigkeit  aus  der  Luft  aufnimmt. 
ADN-Partikel  aus  Paraffinolemulsionen  lassen  sich  relativ  leicht  von  der  konti¬ 
nuierlichen  Phase  trennen,  da  Paraffindl  weniger  polar  ist  als  Silikondl  und  sich 
daher  im  unpolaren  n-Heptan  besser  lost. 
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4  Versuchsergebnisse 

Abbildung  2  zeigt  das  als  Ausgangsmaterial  verwendete  ADN  aus  der  Synthese.  Die 
einzelnen  Partikel  haben  eine  ungleichmal^ige,  kristallartige  Form  und  sind  stark 
agglomeriert. 


Abbildung  2:  Ammoniumdinitramid  aus  der  Synthese 

Abbildung  3  zeigt  ADN-Partikel  aus  einer  Silikoholemulsion.  Zur  Erhohung  der  Visko- 
sitat  der  kontinuierlichen  Phase  und  zur  Vermeidung  von  Koaleszenz  der  dispersen 
Phase  wurde  dem  SilikonQI  ein  Stabilisator  beigemischt.  Es  konnen  Schmelze- 
tropfen  mit  einer  GroBe  von  50  bis  300  pm  erzeugt  werden.  Die  Aniagerung  der 
Stabilisatormolekule  an  deti'  ADN-Tropfen  verhindert  deren  Koaleszenz,  wodurch 
allerdings  auch  die  gegenseitige  Anregung  zum  Erstarren  vermindert  wird.  Versuche 
haben  ergeben,  dalJ  ADN-Schmelze  auch  im  stark  unterkuhiten  Zustand  erst  durch 
den  Kontakt  mit  kristallinem  ADN  zur  Erstarrung  angeregt  wird.  Somit  ist  es  not- 
wendig  eine  dem  jeweiligen  System  angepaBte  Menge  an  Emulgierhilfsstoffen  zu 
bestimmen,  welche  einerseits  Agglomeration  verhindert  und  andererseits  noch  die 
Wechselwirkungen  der  Tropfen  in  der  Stromung  zulalJt. 
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Abbildung  3:  Spharische  ADN-Partikel  aus  Silikonolemulsion  mit  Stabilisator 

Die  selben  Versuche  wurden  auch  mit  Paraffinol  als  kontinuierlicher  Phase  durchge- 
fiihrt.  Verwendet  man  reines  Paraffinol  erhalt  man  relativ  grolie  Tropfen  (300  pm  - 
1200  pm),  die  aber  wesentlich  weniger  agglomerieren  als  in  reinem  Silikonol 
(Abbildung  4).  Der  Verzicht  auf  Zusatzstoffe  hat  den  Vorteil,  daB  die  anschlieBende 
fest/flussig  Trennung  zwischen  Partikel  und  Ol  einfacher  ist,  da  die  viskositats- 
steigernde  Wirkung  des  Stabilisators  die  Sedimentation  hemmt. 


Abbildung  4:  Spharische  ADN-Partikel  aus  Paraffinolemulsion  ohne  Zusatzstoffe 


Die  besten  Ergebnisse  liefert  eine  Paraffinolemulsion  mit  geeigneten  Emulgier- 
hilfsstoffen.  LaBt  man  die  anderen  Versuchsparametern  konstant  entstehen  Partikel 
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mit  einem  Durchmesser  von  80  ^Jm  -  600  ijm,  welche  sich  durch  ihre  exakte  Kugel- 
form  auszeichnen  (Abbildung  5). 


Abbildung  5:  Kugelfdrmiges  ADN:  Hergestellt  aus  Paraffinolemulsion  mit 
Emulgierhilfsstoffen 

4.1  PartikelgrdBenanatyse 

Die  PartikelgroUe  lalSt  sich  vor  allem  uber  die  Eigenschaften  des  Oles,  z.B.  dessen 
Viskositat,  die  Emulgierhilfsstoffe  und  die  ProzeBparameter  beeinflusseri. 
in  Abbildung  6  ist  die  Volumensummen  (QsCx))-  und  Volumendichteverteilung  (q3(x)), 
die  mittels  Laserbeugungsspektrometrie  ermittelt  wurde,  fur  feines  und  grobes  ADN 
dargestellt.  Fur  beide  Verteilungen  wurden  der  Medianwert  xso.s  und  der  Dispersions- 
grad  K(84/1 6)  ermittelt. 

Der  Medianwert  Xso.a  ist  derjenige  Wert  einer  Verteilung,  bei  dem  die  Verteilungs- 
summe  Q3(Xi)  den  Wert  50  %  annimmt,  d.h.  die  Halfte  der  Partikel  hat  einen 
groBeren  Durchmesser  als  xao.s- 
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Q3(x) 

% 


Abbildung  6:  Volumensummen-  Q3(x)  und  Volumendichteverteilung  q3(x)  fur  grobes 
und  feines  ADN 

ADN-KugeIn  aus  Silikonolemulsion:  X50.3  =  81  jJtn;  K(84/16)  =  0,56 
-  ADN-KugeIn  aus  Paraffinolemulsion:  Xso.s  =  540  ijm;  K(84/16)  =  0,20 

Die  Charakterisierung  der  Verteilungsbreite  kann  z.B.  mil  Hilfe  des  Dispersions- 
grades  K(84/16)  erfolgen,  welcher  nach  der  Gleichung 

K(84/16)  =  ^^~^’° 

2*X5(j 

definiert  ist.  Die  Ermittiung  von  X84  und  Xis  erfoigt  anhand  der  Volumensummen- 
verteilung,  wobei  Q3(Xi)  =  84  %  bzw.  16  %  betragt. 

Nach  VDI-Richtlinie  3491  gilt  fur: 

K(84/16)  <0,14  monodisperse  Verteilung 

0,14  <K(84/16)<  0,41  quasi-monodisperse  Verteilung 

0,41  <  K(84/16)  polydisperse  Verteilung 

Somit  hat  das  grobe  Produkt  mit  K(84/16)  =  0,20  eine  quasi-monodisperse  Verteil¬ 
ung. 
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In  Abbildung  7  sind  die  Volumensummen-  und  die  Volumendichteverteilungen  zweier 
Partikelkollektive  dargestellt,  die  mit  unterschiedlichen  Ruhrergeometrien  (Propeller- 
und  BlattrOhrer)  erzeugt  warden  dargestellt.  Die  Riihrerdrehzahl  und  der  Ruhrer- 
durchmesser,  sowie  die  weiteren  Versuchsparameter  wurden  konstant  gehalten.  Die 
Riihergeometrie  beeinfiuBt  hauptsachlich  die  Stromung  im  Emulgierreaktor.  Der  Pro- 
pellerruhrer  erzeugt  eine  axiale  Stromung,  weiche  die  Sedimentation  der  dispersen 
Phase  verhindert  und  fur  eine  gute  Warmeubertragung  an  der  GefaSwand  sorgt.  Bei 
der  Umwandlung  der  mechanischen  Energie  des  Riihrers  in  kinetische  Energie  in 
der  Stromung  hat  der  Propellerruhrer  weniger  Veriuste  und  somit  eine  groBere 
Scherwirkung,  was  zu  kleineren  Tropfen  fiihrt. 


Abbildung?:  .  Propellerruhrer;  X5o,3  =  200  pm;  K(84/1 6)  =  0,44 

- Blattruhrer;  Xjo.,  =  370  pm;  K(84/16)  =  0,33 

Ruhrerdrehzahl  und  Ruhrerdurchmesser  sind  konstant. 
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4.2  Produktanalyse 

Die  Produktequalitat  kann  wahrend  des  Herstellungsprozesses  durch  thermische  Be- 
lastung  Oder  die  am  Prozefi  beteiligten  Stoffe  beeinflulit  warden: 

Dm  dies  zu  Oberprufen  wurden  die  getrockneten  Produkten  und  das  Ausgangs- 
material  aus  der  Synthase  mit  Hilfe  der  DSC-Analyse  (Differential  Scanning  Calorie- 
metrie)  und  der  Infrarot  (IR)-Spektroskopie  untersucht. 

Ein  Vergleich  der  IR-Spektren  des  Ausgangsmaterials  (Abbildung  8.1)  mit  den  ADN- 
Partikeln  aus  ParaffinSlemulsionen  (Abbildung  8.2)  und  den  ADN-PartikeIn  aus  Sili- 
konolemulsionen  mit  Stabilisator  (Abbildung  8.3)  zeigt  keine  relevanten  Verander- 
ungen  durch  den  Emulsions-KristallisationsprozeU. 

Vergleicht  man  die  DSC-Analysen  des  Ausgangsmaterials  (Abbildung  9.1),  der  ADN- 
Partikeln  aus  Paraffindlemulsion  (Abbildung  9.2)  und  der  ADN-PartikeIn  aus  Silikon- 
olemulsion  mit  Stabilisator  (Abbildung  9.3)  so  haben  die  aus  Emulsionen  re- 
kristallisierten  ADN-KugeIn  einen  Schmelzpunkt  von  etwa  90  °C,  wdhrend  das  reine 
Ausgangsmaterial  bei  ca.  93  °C  schmilzt.  Dies  ist  ein  Hinweis  darauf,  dali  sich 
geringe  Mengen  des  ADN-Zersetzungsproduktes  Ammoniumnitrat  (AN)  gebildet 
haben. 

Desweiteren  wurde  der  Wassergehalt  des  Ausgangsmaterials  und  der  ADN-Partikel 
uberprOft,  da  ADN  hygroskopisch  ist  und  vor  allem  bei  der  Nachbehandlung  die 
Gefahr  besteht  das  Luftfeuchtigkeit  aufgenommen  wird.  Die  Messungen  ergaben 
einen  Wassergehalt  von  0,42  %  fur  das  Synthesematerial  und  0,41  %  fur  die  rekri- 
stallisierten  ADN-Partikel. 
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Abbildung  8.1:  IR-Spektrum  des  Ausgangsmaterials  aus  der  Synthese 


Abbildung  8.2;  IR-Spektrum  von  ADN  aus  Paraffinolemulsion 

®  0,10.97.  HEINTZ  [KBRJ 


Abbildung  8.3:  IR-Spektrum  von  ADN  aus  Silikonolemulsion  mit  Stabilisator 
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Abbildung  9.1:  DSC-Analyse  des  Ausgangsmaterials  aus  der  Synthese 


Abbildung  9.2:  DSC-Analyse  von  ADN  aus  Paraffinolemulsion  ohne  Zusatzstoffe 


Abbildung  9.3:  DSC-Analyse  von  ADN  aus  Silikonolemulsion  mit  Stabilisator 
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ABSTRACT 

The  recrystallization  of  NTO  crystals  was  investigated  in  the  laboratory  scale 
and  the  bench  scale  crystallizers.  The  effect  of  additives  on  NTO  morphology 
in  crystallization  was  also  explored.  The  kinetics  of  crystallization  of  NTO  in 
solvents  were  measured.  These  kinetic  data  were  employed  along  with  a 
supersaturation  balance  to  predict  the  crystal  size  in  cooling  crystallization. 
Some  solvents  to  be  acceptable  for  enhancing  of  NTO  crystal  morphology  in 
a  cooling  crystallizer  were  selected.  It  is  found  that  solvent  has  a  large 
influence  on  the  crystal  shape,  and  the  kinetics  of  crystallization  and 
operating  conditions  are  sensitive  the  crystal  size  and  its  distribution. 
Performances  of  a  laboratory  scale  crystallizer  and  bench  scale  crystallizer 
were  compared.  Results  suggest  that  mean  crystal  size  can  be  predicted  by 
the  model  combined  with  the  supersaturation  and  crystallization  kinetics.  . 


INTRODUCTION 

3-Nitro-1,2,4-triazol-5-one(NTO)  is  more  attractive  than  common  explosives 
like  hexahydro  - 1,  3,  5  -  trinitro  - 1,  3,  5  -  triazine(RDX),  octahydro  - 1,  3,  5,  7 
-  tetranitro  -  1 ,  3,  5,  7  -  tetrazocine(HMX)  and  2,4,6  -  trinitrotoluene(TNT)  in 
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terms  of  its  insensitivity  and  stability.  The  morphoiogy  of  NTO  crystals  coming 
from  the  reaction  process  has  typically  a  jagged  rod-like  shape,  which  is  easy 
to  agglomerate  and  ultimately  becomes  sensitive  to  a  sudden  shock.  One  of 
the  ways  to  lower  the  sensitivity  toward  sudden  shock  is  to  control  the  crystal 
morphology  to  be  close  to  spherical.  On  the  other  hand,  the  mother  liquors 
contain  additional  components  from  the  chemical  reaction,  in  particular  formic 
acid,  nitric  acid,  sulfuric  acid  and  1,2,4-triazole-5-one.  Some  of  these  are 
trapped  into  the  crystals  and  are  present  even  after  washing.  The  purification 
process  is  necessary  to  remove  these  impurities.  One  attempts  to  solve  these 
problems  is  by  recrystallization  of  the  NTO  in  a  solvent  which  allows  the 
control  of  the  crystal  size  and  crystal  shape,  purity,  and  narrow  crystal  size 
distribution. 


EXPERIMENTS 

The  experiments  were  performed  in  a  laboratory  scale  crystallizer  as  well  as 
a  bench  scale  crystallizer,  which  were  operated  batchwise.  The  crystallizers 
were  a  draft-tube  type  with  external  baffles  and  was  equipped  with  an  agitator, 
marine  propeller  type  at  a  speed  in  the  range  of  about  400  to  700  rpm.  Either 
heated  or  cooled  medium  from  a  thermostated  bath  could  be  circulated 
through  the  jacket.  An  ethylene  glycol  -  water  solution  was  thermostated  and 
controlled  by  a  PID  controller,  with  accuracy  of  0.05K.  The  anaiysis  of  CSD, 
shape  and  mean  crystal  size  were  carried  out  by  image  analysis 
system(VIDAS,  Karl  Zeiss)  with  optical  and  electron  microscopes. 


RESULTS  AND  DISCUSSION 
Nucleation 

For  nucleation  from  solution  cooled  down  at  constant  rate,  Nyvlt[4] 
proposed  the  following  between  the  maximum  allowable  undercooling(i.e. 
metastable  zone  width),  ATmax  and  cooling  rate,  b 
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logb  =  log(k/a)  +  nilog(AT„)  (1) 

where,  k  =  kn(dCs /dT)"”* 

The  maximum  allowable  undercooling  ATmax,  was  taken  as  the  difference 
between  the  equilibrium  temperature  and  the  temperature  at  which  nuclei 
were  detected  for  each  particular  cooling  rate.  The  equilibrium  temperature 
was  obtained  from  the  experimentally  determined  solid-liquid  diagram.  Figure 
1  shows  the  plots  of  cooling  rate  against  maximum  undercooling  in  log-log 
coordinates  for  saturation  temperature. 


Fig.  1 .  Plot  of  b  versus  ATm  ^’9"  versus  ATmax,  cal 

As  shown  in  Figure  1,  the  maximum  allowable  undercooling  (i.e.  maximum 
allowable  supersaturation)  varies  with  cooling  rate  and  equilibrium 
temperature.  The  relationship  among  them  can  be  expressed  as  the  following 
relation. 

AT„=c.bV  (2) 

The  values  of  c1,  I  and  m  obtained  in  this  study  are  144.6,  0.0905  and  -0.47, 
respectively.  All  experimental  data  obtained  from  this  work  were  correlated 
from  equation  2,  shown  in  Figure  2.  Therefore,  equation  2  expresses  the 
maximum  allowable  supersaturation  in  which  the  variation  of  the  cooling  rate 
and  initial  concentration  in  such  a  cooling  crystallizer  considered. 
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Linear  crystal  growth  rate 

The  linear  crystal  growth  rate  is  defined  as  the  change  of  the  characteristic 
dimension  of  the  crystal  with  time  as  equation  3. 

It  depends  mainly  on  the  supersaturation. 

G  =  ;^  =  k'AC  (3) 

Where  L  is  crystal  size,  tb  batch  time,  kg  rate  constant  of  crystal  growth  and 
AC  average  supersaturation  working  in  .  Figure  3  shows  a  plot  of  the  linear 
grow/th  rate  as  a  function  of  supersaturation.  The  crystal  growth  rate  is 
proportional  to  the  second  power  of  supersaturation. 

Calculation  of  crystal  size 

The  mean  crystal  size  is  complex  functions  of  nucleation  and  growth,  which 
are  functions  of  process  variables  such  as  agitation  rate,  feed  composition 
and  production  rate.  These  functions  are  therefore  related  to  the 
supersaturation.  The  average  size  of  crystals  obtained  in  this  study  was  in  the 
range  of  5  to  1000  micron,  which  depends  mainly  on  the  supersaturation. 


Fig.  3.  Plot  of  G  against  AC 


64-5 


Crystal  size  depends  on  the  growth  rate  G,  the  nucleation  rate  B,  and  holdup 
of  crystal  cps. 

(4) 

This  equation  resuits  from  the  fact  that  the  mean  crystal  size  increases  with 
an  increasing  growth  rate  and  hoidup  of  crystai  and  a  decreasing  nucleation 
rate.  Figure  4  shows  the  comparison  between  mean  crystai  sizes  caicuiated 
from  equation  4  and  obtained  in  bench  scaie  and  laboratory  scale 
crystallizers.  It  is  obvious  that  the  results  of  experiments  are  reasonably  well 
approximately  by  relation  expressed  by  equation  4. 

Shape  of  NTO  crystals 

Figures  5  and  6  show  the  crude  NTO  crystals  coming  from  reaction  process 
and  NTO  crystals  crystallized  in  water  under  right  operating  conditions, 
respectively.  Selecting  an  appropriate  operation  of  crystallizer  is  thought  to  be 
very  important  to  control  morphology  of  NTO  crystals. 


Fig.  5.  Crude  NTO  from  reaction 


Fig.  6.  NTO  crystallized 
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CONCLUSION 

The  kinetic  data  of  crystaiiization  of  NTO  in  soivents  were  empioyed  aiong 
with  a  supersaturation  baiance  to  predict  the  crystai  size  in  cooiing 
crystaiiization.  Performances  of  a  laboratory  scale  crystallizer  and  bench 
scale  crystallizer  were  compared.  The  results  suggest  that  in  a  scale-up  of 
crystallizer  the  mean  crystal  size  can  be  predicted  by  the  model  combined 
with  the  supersaturation  and  crystallization  kinetics. 

SYMBOLS 

B  Nucleation  rate 

b  Cooling  rate 

AC  Supersaturation 

L  Crystal  size 

g  Crystal  growth  order 

k  Nucleation  rate  constant 

n  Nucleation  order 

T  Temperature 

tb  Batch  time 

ATm  Metastable  zone  width 
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Abstract 

This  paper  describes  the  results  which  were  obtained  during  a  two-year  cooperation  between  ICT 
(FRG)  and  TNO  Prins  Maurits  Laboratory  (NL).  During  this  cooperation,  both  institutes  selected  a 
solvent  from  which  HMX  was  recrystallized,  with  the  objective  to  produce  two  grades  of  HMX 
differing  in  internal  crystal  quality,  predominantly  the  amount  of  inclusions  in  the  crystals.  After 
sieving  of  the  particles,  casting  of  the  HTPB-based  PBX  samples,  the  influence  of  the  internal 
crystal  quality  on  the  shock  sensitivity  was  investigated.  As  a  reference  material  for  these  tests,  the 
commercially  applied  HMX  was  used. 

The  results  of  the  shock  sensitivity  tests  point  at  a  direct  relation  between  the  HMX  crystal  density 
(and  hence  crystal  quality)  and  shock  sensitivity  of  these  particles  in  the  final  PBX:  the  higher  the 
crystal  density,  the  higher  the  crystal  quality  and  the  lower  the  shock  sensitivity.  Comparison  of  the 
results  of  ICT  and  TNO  show  a  very  good  agreement. 
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1 .  Introduction 

The  objective  of  titis  research  project  is  to  gain  insight  in  the  role  of  internal  defects  in  nitramine 
crystals  -  more  specifically  the  nitramine  HMX  -  in  relation  to  the  shock  sensitivity  of  HTPB  based 
PBX’s  containing  70wt%  solid  load  [1].  Three  different  qualities  of  HMX  are  used:  commercial 
HMX,  and  two  recrystallized  HMX  batches.  These  latter  two  batches  comprise  HMX  crystals  with  a 
difference  in  their  internal  defect  content,  whereas  the  properties  with  respect  to  mean  size,  shape 
and  surface  smoothness  should  be  practically  constant.  The  commercially  supplied  HMX  is 
included  as  the  reference  material. 

Section!  shortly  reviews  the  experimental  details  of  the  techniques  used  during  this  research 
programme.  In  sections  the  HMX  production  and  subsequent  characterization  of  the  produced 
batches  with  respect  to  the  internal  defect  content  and  density  of  the  crystals  is  reported.  This 
section  also  includes  the  results  of  the  shock  sensitivity  tests  and  the  relation  of  these  data  with  the 
product  properties  of  the  crystals  used  in  the  PBX’s.  The  conclusions  are  summarized  in  section  4. 

2.  Experimental 

2.1  Crystallization 

The  crystallization  experiments  were  carried  out  in  a  2.0  liter  jacketed  glass  vessel,  which  is 
temperature  controlled  by  means  of  a  thermostat  and  computer  software.  With  this  equipment  a 
certain  temperature  profile  can  be  imposed.  This  so-called  bench  scale  reactor  is  equipped  with  a 
propeller  stirrer  combined  with  a  draft  tube  and  four  baffles.  By  using  a  draft  tube  and  a  propeller, 
an  axial  flow  profile  of  the  slurry  is  built  up  and  maintained  throughout  the  crystallization  process. 
The  four  baffles  divide  the  vessel  in  four  compartments,  in  this  way  breaking  up  the  vortex.  A 
reflux  unit  prevents  the  evaporation  of  the  solvent.  A  mixture  of  acetone  and  y-butyrolactone  was 
used  as  the  crystallization  solvent.  More  details  can  be  found  in  an  earlier  paper  [1]. 

2.2  Sieving 

In  order  to  prevent  influences  -  other  than  the  internal  quality  of  the  crystals  -  on  the  shock 
sensitivity,  the  width  of  the  crystal  size  distribution  (CSD)  of  the  different  batches  was  kept 
constant  as  much  as  possible.  The  width  of  the  CSD  was  controlled  by  sieving  the  recrystallized 
batches  as  well  as  the  commercial  HMX  product.  The  sieve  fraction  used  for  preparation  of  the 
PBX’s  is  250  -  425  pm. 


65-3 


2. 3  Characterization  of  HMX  crystals 

The  HMX  crystals  were  characterized  with  respect  to  the  crystal  modification  (X-ray  powder 
diffraction),  shape  (optical  microscopy,  SEM),  size  distribution  (laser  diffraction),  surface  structure 
(SEM),  defect  content  (optical  microscopy,  Laue  X-ray  difraction),  impact  and  friction  sensitivity 
(BAM),  crystal  density  (fluid  pycnometiy)  and  purity  (GC).  The  majority  of  the  results  of  these 
characterization  tests  were  reported  and  discussed  earlier  [1].  This  paper  focuses  on  the  relation 
between  the  shock  sensitivity  of  an  HMX/HTPB  PBX  and  the  crystal  density  of  the  HMX  crystals 
in  the  PBX.  Therefore,  the  determination  of  the  crystal  density  is  explained  in  more  detail. 

The  crystal  density  is  determined  by  means  of  liquid  pycnometry.  The  liquid  used  for  the  density 
measurements  is  dodecane  which  is  saturated  with  HMX.  All  the  measurements  are  carried  out  at 
room  temperature  and  at  least  in  duplicate.  Usually  an  accuracy  of  0.5%  or  better  is  reached  in  this 
way. 

The  theoretical  density  of  P-HMX  is  1.903  g/cm^  Measurements  deviating  from  this  value  point  at 
the  presence  of  inclusions  or  voids  either  filled  with  solvent  or  with  vapour  or  a  combination  of 
these  two  possibilities.  In  principle,  the  vol%  of  inclusions  (Vi/Vtot)  can  be  determined  if  the 
content  of  the  inclusions  is  known.  This  ratio  can  be  calculated  on  the  basis  of  mass  conservation 
(with  pthe  measured  density  and  pg  the  theoretical  density  of  HMX): 

total  mass  =  mass  solid  +  mass  inclusions  =  ms  +  nij  =  mtot  or:  +  piVi  =  pVtot 

where  Vg  =  Vtot  -  Vi .  The  vol%  of  inclusions  is  then  known  from  the  equation: 


V,., 


{oTpi«Ps 

Ps-Pi  A 


The  inclusion  density,  pj,  is  -  depending  on  the  content  of  the  inclusion  -  determined  by  the  liquid 
or  vapour  density,  or  some  averaged  value  in  case  the  inclusion  contains  both  liquid  and  vapour. 
This  can  be  concluded  from  the  optical  microscopic  pictures,  since  generally  solvent  containing 
inclusions  do  not  give  rise  (or  to  a  much  lesser  extent)  to  the  intensely  black  spots  as  can  be 
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observed  in  the  HMX  crystals  shown  in  figures  1  to  3.  The  density  of  a  vapour  is  much  smaller 
compared  to  the  theoretical  solid  density  pj,  hence  in  the  above  given  equation  for  the  vol%  of 
inclusions,  pj  can  be  neglected  compared  to  p^. 

2.4  Casting  of  HMX/HTPBPBX 

HMX/HTPB-based  PBX’s  with  a  solid  load  of  70  wt%  HMX  were  mixed  and  cast  with  help  of  an 
HKV5  vertical  mixer,  equipped  with  planetary  mixing  blades.  For  determination  of  the  shock 
sensitivity  according  to  the  water  gap  test,  samples  were  required  of  0  21  mm  and  40  mm  high.  The 
PBX  was  cast  into  PMMA  cylinders  with  these  internal  dimensions. 


Figure  1:  HMX  crystals  taken  from  the  commercial  product  (sieve  fraction). 


2.5  Shock  sensitivity  test 

The  shock  sensitivity  is  determined  according  to  the  BICT  or  water  gap  test  within  the  research 
group  Properties  of  Energetic  Materials  at  TNO  PML.  This  test  is  described  in  ref  [2].  As  donor 
charge,  an  RDX/wax  (hexocire)  composition  was  used.  The  water  gap  test  determines  a  ‘go/no  go’ 
level,  i.e.  the  water  gap  distance  in  mm  below  which  the  PBX  will  detonate.  By  using  a  calibration 
of  the  water  gap  and  the  pressure  to  which  the  PBX  is  subjected,  the  water  gap  distance  can  be 
translated  to  a  shock  initiation  pressure.  This  pressure  corresponds  to  the  shock  pressure  in  water, 
just  before  impact  on  the  acceptor  charge  and  is  therefore  not  equal  to  the  pressure  in  the  PBX  at  the 
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moment  of  impact.  The  shock  initiation  pressure  is  determined  by  means  of  the  Bruceton  up-and- 
down  method  with  an  accuracy  of  1  mm. 

3.  Results  and  Discussion 

3. 1  Crystallization  of  HMX  batches 

For  the  production  of  sufficient  samples  required  for  the  shock  sensitivity  tests,  several 
crystallization  batches  were  needed.  After  recrystallization  of  the  commercial  HMX,  the  produets 
which  were  obtained  under  the  same  experimental  conditions  corresponding  to  a  specific  quality  of 
the  batches,  were  mixed  and  sieved. 


Figure  2:  HMX  crystals  taken  from  the  'bad'  quality  batch  (sieve  fraction). 


The  HMX  particles  of  the  commercial  product  were  non-transparent.  Therefore,  these  crystals  were 
slightly  etched  in  order  to  smooth  the  particle  surface.  An  example  of  a  sample  of  the  particles 
treated  in  this  way  is  shown  in  figure  1.  The  commercial  product  consists  of  rounded  particles, 
whereas  the  recrystallized  material  comprises  more  angular  particles.  Pictures  of  the  two 
recrystallized  batches  can  be  found  in  figiu'e2  and  3,  respectively.  Although  the  recrystallized 
particles  were  much  more  transparent  than  the  untreated  commercial  product,  also  the  recrystallized 
material  was  slightly  etched  in  order  to  have  a  fair  comparison.  The  inclusion  content  in  the 
recrystallized  batches  is  much  lower  than  in  the  commercial  batch.  This  is  substantiated  by  the 
crystal  density  of  the  three  batches,  which  is  considerably  higher  for  the  recrystallized  batches  (see 
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section  3.2).  The  observation  that  the  inclusions  are  present  as  dark  spots  in  the  crystals  suggests 
that  the  inclusions  do  not  contain  solution,  but  either  vapour  or  vacuum. 


Figure  3:  HMX  crystals  taken  from  the  ‘good’  quality  batch  (sieve  fraction). 


3.2  Crystal  density 

The  theoretical  density  of  HMX  is  1.903  g/cm^.  The  density  of  the  commercial  HMX  crystals  as 
supplied  by  DYNO  was  measured  to  be  1.868  g/cm’  (liquid  pycnometry),  while  ICT  found  a  value 
of  1.871  g/cm’  (gas  pycnometry)  [3].  The  HMX  batches  available  at  TNO  and  ICT  are  taken  from 
the  same  lot  as  produced  by  DYNO,  hence  the  starting  material  is  the  same  for  both  institutes.  For 
the  sieved  fraction  (250  -  425  ^m)  of  the  commercial  product  the  density  was  found  to  be 
1.886  g/cm’,  so  slightly  higher  than  the  (mean)  density  of  the  crystals  comprising  the  entire  size 
distribution.  Also  ICT  found  a  slightly  higher  density  for  the  sieved  fraction  of  the  commercial 
product,  namely  1.888  g/cm^ 

The  density  of  the  recrystallized  batches  was  always  higher  than  the  commercial  product  (see 
table  1).  The  difference  between  the  crystal  density  of  the  ‘bad’  and  ‘good’  quality  product  was 
higher  for  the  unsieved  batches.  Apparently  the  crystals  which  contributed  the  most  to  the 
difference  in  mean  crystal  density  of  the  entire  batches,  were  sieved  from  the  batches  in  both  cases 
leading  to  a  fraction  of  particles  with  a  relatively  high  crystal  density.  Also  microscopic 
observations  showed  a  tendency  of  a  higher  inclusion  content  with  increasing  particle  size. 
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The  differences  in  crystal  density  are  quite  small,  in  particular  the  densities  of  the  two  recrystallized 
batches.  Taking  into  account  an  accuracy  of -0.5%  in  the  determination  of  the  density,  the  values 
of  1.900  and  1.902  g/cm^  clearly  show  an  overlap.  In  principle  also  the  density  of  the  sieved 
commercial  product  shows  a  (slight)  overlap  with  the  other  two  crystal  densities.  However, 
comparison  of  the  microscopy  pictures  (figure  1  versus  figures  2  and  3),  shows  that  the  inclusion 
content  in  the  commercial  product  is  higher  than  in  the  recrystallized  product,  indicating  that  the 
difference  in  crystal  density  between  the  reference  and  recrystallized  batches  is  significant. 


Table  1:  Density  of  the  three  HMX  batches  comprising  the  commercial  one  and 
two  recrystallized  batches.  The  data  refer  to  the  250  -  425  pm  sieve  fractions  of 
the  batches. 


Batch  code  (sieve  fractions) 

inclusion  content ' 
[vol%] 

Reference  batch  (DYNO) 

1.888 

0.89 

Low-density  (‘bad’  quality) 

BISI 

- 

0.16 

High-density  ('good'  quality) 

■m 

0.05 

3  Density  determined  by  TNO  PML  by  means  of  fluid  pycnometry. 
Density  determined  by  ICT  by  means  of  gas  pycnometry. 


®  Inclusion  content  calculated  with  help  of  the  equation  given  in  section  2.3, 
under  the  assumption  that  the  inclusions  contain  vapour  or  vacuum,  rather 
than  solvent. 


Several  parameters  characterizing  the  CSD  of  the  sieve  fractions  of  the  recrystallized  batches  and 
the  commercial  product  are  given  in  table  2.  The  data  show  that  the  values  of  (f,o  and  d^f,  of  the 
commercial  product  practically  coincide  with  the  sieve  meshes  of  250  and  425  pm.  For  the 
recrystallized  batches  the  cut-off  values  differ  from  the  sieve  meshes  applied.  Probably  this  is  due  to 
the  faet  that  the  shape  of  the  crystals  of  the  commercial  product  are  more  spherical  than  the  particle 
shape  of  the  recrystallized  products,  which  consist  of  slightly  more  elongated  particles.  The  size 
analysis  technique  is  in  principle  best  suited  for  measuring  spherical  particles  and  errors  may  be 
introduced  when  particles  are  measured  which  deviate  from  a  sphere.  On  the  other  hand,  sieving  of 
elongated  rather  than  spherical  particles  may  also  result  in  errors,  since  then  an  orientational 
dependence  of  the  particles  is  introduced  during  sieving.  Taking  into  account  an  accuracy  of  5-10% 
in  the  size  analysis  data,  this  implies  that  the  median  sizes  of  the  recrystalllized  batches  are 
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comparable.  The  median  size  of  the  commercial  HMX  batch  is  lower  than  that  of  the  reciystallized 
batches. 


Table  2:  Median  size  (d^Q)  and  sizes  bounding  the  sieve  fractions  (djQ  and 


dgo)  of  the  recrystallized  and  commercial  batches. 


Batch  code 

d,o  [iim] 

dm  [nm] 

dgo  [pm] 

Reference  batch  (DYNO) 

249 

328 

430 

Low-density  (‘bad’  quality) 

328 

428 

552 

High-density  {‘good’  quality) 

298 

381 

498 

3.3  Shock  sensitivity 

Table  3  summarizes  the  results  of  the  BICT  shock  sensitivity  tests  for  the  PBX’s  HU32-1,  33-1  and 
34-1.  The  lower  the  value  of  the  water  gap,  the  less  sensitive  the  PBX  is.  The  shock  initiation 
pressure  is  plotted  versus  the  crystal  density  of  the  HMX  particles  in  figure  4.  This  figure  also 
contains  the  data  generated  by  ICT  on  the  shock  sensitivity  of  their  PBX’s  [3].  For  the  ICT  data  set 
a  similar  tendency  is  found.  Moreover,  the  TNO  and  ICT  data  sets  agree  very  well  and  appear  to  fit 
on  a  single  line. 
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Figure  4:  Plot  of  the  shock  pressure  vs.  crystal  density  of  the  HMX particles. 
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The  finding  that  the  density  of  the  crystals  correlates  with  the  shock  sensitivity  of  the  PBX  in  which 
these  crystals  have  been  incorporated,  is  an  important  result.  Earlier  papers  by  Borne  [4,5]  pointed 
at  a  relation  of  the  inclusion  content  in  RDX  and  HMX  crystals  and  the  shock  sensitivity  of  PBX’s 
containing  crystals  with  different  amounts  of  inclusions.  Borne  used  a  flotation  technique  by  means 
of  which  he  was  able  to  separate  crystals  of  a  certain  density.  These  different  crystal  grades  were 
incorporated  in  a  PBX  and  subjected  to  shock  sensitivity  tests.  Borne  thus  showed  that  crystals  with 
a  high  inclusion  content  were  more  sensitive  to  shock  than  crystals  with  a  low  inclusion  content. 

An  effect  of  ageing  of  the  KnJ32-l  PBX,  which  was  produced  several  months  earlier  than  the  other 
two  PBX’s,  might  be  held  responsible  for  the  difference  in  shock  sensitivity.  However,  the 
rnechanical  properties,  which  in  general  will  change  due  to  e.g.  oxidation  and  therefore  degradation 
of  the  binder  during  ageing,  usually  do  not  influence  the  shock  sensitivity.  This  implies  that  the 
measured  differences  must  be  a  result  of  differences  in  the  HMX  particle  properties,  like  size, 
density,  internal  quality  or  shape.  By  using  similar  sieve  fractions  of  the  particles  in  all  of  the 
PBX’s,  effects  of  differences  in  size  range  are  minimized  as  much  as  possible.  The  density  of  the 
commercial  grade  HMX  sieve  fraction  (table  3)  is  significantly  smaller  than  the  density  of  the 
recrystallized  batches,  which  are  almost  the  same.  This  might  then  explain  the  fact  that  HU32-1  is 
more  sensitive  than  the  HU33-1  and  HU34-1,  assuming  that  a  lower  density  eorresponds  to  a  higher 
amount  of  voids  which,  in  turn,  triggers  the  initiation  of  the  PBX.  Also,  the  difference  in  sensitivity 
between  the  latter  two  PBX’s  is  in  line  with  the  density  of  the  HMX  crystals:  the  PBX  with  the 
slightly  higher  density  HMX  (HU34-1)  is  less  sensitive  than  the  HU33-1 ,  see  figure  4. 


Table  3:  Results  of  the  shock  sensitivity  tests.  The  shock  initiation  pressure  is 
determined  by  means  of  the  Bruceton  up-and-down  method  with  an  accuracy 
of  I  mm.  This  implies  that  the  differences  in  shock  initiation  pressures  are 
significant. _ 


PBX  code 

HMX 

water  gap  [mm] 

shock  pressure 
[GPa]  = 

HU32-1 

Commercial  HMX 
p  =  1 .886  g/cm^ 

13  (go) -14  (no  go) 

4.1 

HU33-1 

‘low  density’  HMX 
p  =  1 .900  g/cm^ 

7  (go)  -  8  (no  go) 

6.4 

HU34-1 

‘high  density’  HMX 
p  =  1 .902  g/cm^ 

6  (go)  -  7  (no  go) 

6.8 

3  The  values  given  for  the  shock  initiation  pressure  correspond  to  the  ‘no 
go’  levels  of  the  test. 
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Nevertheless,  additional  factors  might  play  a  role,  like  the  presence  of  e.g.  microscopic  defects,  that 
might  not  have  been  observed  by  means  of  the  standard  optical  microscopy  techniques.  This  was 
not  considered  further.  As  can  he  concluded  from  the  figures  1  to  3,  the  crystal  shape  of  the 
commercial  product  is  slightly  more  spherical  compared  to  the  shape  of  the  recrystallized  particles. 
In  case  particle  shape  has  an  influence  on  shock  sensitivity,  it  might  be  expected  that  a  more 
spherical  shape  leads  to  a  less  sensitive  explosive  [6,7].  Since  the  reverse  effect  is  found,  the  shape 
of  the  crystals  in  this  particular  case,  is  of  less  importance  compared  to  the  effect  of  the  crystal 
density  on  shock  sensitivity. 

4.  Conclusions 

The  most  important  conclusion  that  can  be  drawn  from  the  results  obtained  diuing  the  cooperation 
between  ICT  and  TNO  is  that  the  shock  sensitivity  of  the  PBX’s  shows  a  direct  correlation  with  the 
the  HMX  crystal  density,  and  hence  the  internal  crystal  quality  of  the  HMX  particles.  The  PBX’s 
containing  the  recry stallized  HMX  particles  is  a  factor  of  about  1 .5  less  sensitive  than  the  reference 
PBX,  containing  the  commercial  grade  HMX,  and,  of  much  more  importance,  the  shock  pressure  of 
the  PBX’s  is  linearly  dependent  on  the  crystal  density  of  the  HMX  particles  used  in  the  PBX.  The 
same  holds  for  the  PBX’s  cast  and  characterized  by  ICT.  Moreover,  the  data  obtained  by  ICT  and 
TNO  agree  very  well.  - 
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Kurzfassung 

Fiir  die  Weiterverarbeitung  und  den  Einsatz  von  Festtreib-  und  Explosivstoffkomponenten 
kommt  den  Partikeleigenschaften,  z.B.  der  PartikelgroBe  bzw.  der  PartikelgroBenverteilung 
und  der  Partikelform,  eine  besondere  Bedeutung  zu.  Insbesondere  im  Hinblick  auf  un- 
empfmdliche  ExplosivstofFe  ist  die  Herstellung  fehlstellenarmer  Kristalle  von  groBem  Interes- 
se.  Durch  Rekristallisation  aus  Lbsungen  lassen  sich  mittels  Variation  von  Versuchsparameter 
bestimmte  Produkteigenschaften  gezielt  verandem. 

In  diesem  Beitrag  sollen  Zusammenhange  zwischen  Partikeleigenschaften  und  Kristallisa- 
tionsparametem  aufgezeigt  werden.  Des  weiteren  werden  Kristalldefekte  und  deren  Abhan- 
gigkeit  von  den  Versuchsparametem  qualitativ  und  quantitativ  ermittelt.  Durch  Empfindlich- 
keitsuntersuchungen  an  den  umkristallisierten  und  unterschiedlich  fehlerbehafteten  Partikel- 
kollektiven  soil  die  Auswirkung  von  Kristallfehlem  auf  die  Empfindlichkeit  dargestellt 
werden. 


In  Zusammenarbeit  mil  der  TNO-PML,  Rijswijk  (NL),  Dr.  van  der  Heijden 
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1.  Einleitung 

Bei  der  Formulierung  von  Treib-  nnd  ExplosivstofFen  werden  als  energetische  Materialien  u.a. 
Nitramine  eingesetzt.  Hierzu  gehoren  z.B.  Hexogen  (RDX)  und  Oktogen  (HMX). 

Um  eine  groBere  Leistungsfahigkeit  von  kunststofFgebimdenen  SprengstofFen  (plastic  bonded 
explosives,  PBX)  zu  erreichen,  muB  der  Anteil  an  energetischem  Material  im  PBX  moglichst 
hoch  sein.  Dies  kann  durch  den  Einsatz  eines  Gemisches  mit  einer  bimodalen  KomgroBen- 
verteilung  gewahrleistet  werden,  da  hierbei  die  Schiittdichte  vergroBert  wird.  Deshalb  miissen 
energetische  Materialien  sowohl  mit  groBeren  als  auch  mit  kleineren  mittleren  KomgroBen 
hergestellt  werden.  Walirend  kleine  Partikel  vorwiegend  durch  Mahlen,  aber  auch  durch  Ver- 
drangungskristallisation  [1,2]  oder  Kristallisation  aus  iiberkritischen  Fluiden  [3]  hergestellt 
werden  konnen,  lassen  sich  groflere  Partikel  durch  Umkristallisation  aus  Losung  gewinnen. 
QroBe  Krlstalle  konnen  eine  erhohte  Empfindlichkeit  auEveisen,  die  sich  nachteilig  auf  die 
Verarbeitbarkeit  und  den  Einsatz  des  SprengstofFs  auswirken  kann.  Als  Ursache  fiir  die 
hdhere  Empfindlichkeit  ist  die  vermehrte  Anzahl  an  Fehlstellen  im  Kristall  zu  nennen.  Die 
Fehlstellen  wirken  bei  SuBerer  Beanspruchung  als  „hot  spots",  an  denen  es  bei  ausreichender 
Energie  zur  Reaktion  des  energetischen  Materials  und  somit  zur  Detonation  des  PBX  kommen 
kann  [4].  Dieses  Verhalten  tritt  erst  bei  Fehlstellen  mit  einer  MindestgroBe  von  etwa  5  pm 
ein,  so  daB  Partikeln  kleiner  5  pm  nicht  betrofFen  sind.  Bei  diesen  Partikel  kaim  es  allerdings 
an  der  Grenzflache  (Partikel/Binder)  zu  Ablosungen  und  damit  zu  „hot  spots"  kommen.  Aus 
diesem  Grund  ist  es  notig,  Kristalle  mit  moglichst  wenig  auBeren  und  inneren  Fehlstellen  her- 
zustellen.  Dies  ist  durch  Mahlen  nur  schwer  zu  erreichen,  da  die  durch  den  MahlprozeB  ver- 
ursachte  hohe  auBere  Belastung  zu  Beschadigungen  der  Oberflache  und  Spannungen  im  Kri¬ 
stall  flihren.  Deshalb  sollen  zur  Formulierung  unempfindlicher  ExplosivstofEkomponenten  mit 
definierten  Eigenschaften  andere  Verfahren  eingesetzt  werden.  Eines  davon  ist  die  Rekristal- 
lisation  aus  der  flussigen  Phase. 

In  diesem  Beitrag  wird  die  Leistungsfahigkeit  dieses  VerFahrens  auFgezeigt,  indem  Kristal- 
lisationsversuche  in  einem  Batchreaktor  unter  Variation  verschiedener  Kristallisationspara- 
meter  durchgefuhrt  werden.  AnschlieBend  erfolgt  eine  Charakterisierung  der  so  erzeugten 
Partikel  hinsichtlich  ihrer  inneren  und  auBeren  BeschafFenheit  und  hinsichtlich  ihres  Verhal- 
tens  gegen  auBere  Belastungen,  um  so  eine  Optimierung  zu  erreichen. 
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2.  Grundlagen  der  Kristallisation 

Allgemein  wird  die  Oberfuhrung  eines  Stoffes  in  den  kristallinen  Zustand  als  Kristallisation 
bezeichnet.  Mit  ihrer  Hilfe  konnen  morphologische  Stoffeigenschaften  gezielt  verandert 
werden.  Des  weiteren  laflt  sich  der  ProzeB  zur  Reinigung,  Stofftrennung  und  Aufkonzentrie- 
rung  einsetzen.  Die  am  haufigsten  angewandte  Technik  ist  die  Kristallisation  aus  der  fliissigen 
Phase.  Die  Einteilung  der  verschiedenen  Kristallisationsprozesse  erfolgt  zumeist  nach  der  Art 
wie  die  Ubersattigung  erreicht  wird.  Man  spricht  von  Kuhl-,  Verdampfungs-,  Vakuumkiihl-, 
Verdrangungs-  und  Reaktionskristallisation. 

Fiir  den  Kristallisationsvorgang  ist  eine  Triebkrafl  erforderlich,  d.h.  das  System  mufi  in  einen 
Ungleichgewichtszustand  gebracht  werden.  Diese  Triebkraft  kommt  durch  die  unterschied- 
lichen  chemischen  Potentiate,  die  der  geloste  StofF  in  der  Losung  und  in  der  festen  Phase  be- 
sitzt,  zustande.  Fiir  das  chemische  Potential  pi  des  gelosten  Stoffes  i  in  der  Losung  gilt^: 

M.i,*=Ai,(+RTlna,  (1) 

Fiir  den  Gleichgewichtszustand  muB  gelten: 

/<‘Lsg=/4,i  +  RTlna;=//i^  (2) 

Daraus  folgt: 

Lsg  -M,  =  RTln-^=RTlnS=  RTln4=  RTlnp^^  +  l)  (3) 

a^  Cj  V  C|  y 

Das  tibersattigte  System  versucht  zum  einen  durch  Bildung  neuer  fester  Partikel  (Keimbildung), 
andererseits  durch  Anlagerung  an  Partikel  (Kristallwachstum)  den  Gleichgewichtszustand  wieder 
herzustellen. 

Zur  Steuerung  eines  Kristallisationsprozesses  sind  umfangreiche  Kenntnisse  Uber  das  verwen- 
dete  System  notwendig.  Dies  gilt  insbesondere  fiir  den  Verlauf  der  Loslichkeits-  und  Uberlos- 
lichkeitskurve.  In  Abbildung  1  ist  der  Zusammenhang  zwischen  Ldslichkeit  und  Temperatur 
exemplarisch  dargestellt.  Dem  Verlauf  der  Loslichkeitskurve  lassen  sich  bereits  grundlegende 
Informationen  uber  den  zu  verwendenden  ProzeB  entnehmen.  Verlauft  z.B.  die  Loslichkeits¬ 
kurve  nahezu  waagerecht,  besteht  also  keine  Abhangigkeit  zwischen  der  Ldslichkeit  und  der 
Temperatur,  kaim  durch  Abkiihlen  der  Losung  keine  Kristallisation  ausgeldst  werden.  Dies  ist 


^  Eine  Zusammenstellung  der  verwendeten  Formelzeichen  befindet  sich  am  Ende  des  Beitrags 
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fur  das  System  NaClAVasser  der  Fall,  weshalb 
NaCl  durch  Verdampfungskristallisation  ge- 
wonnen  wird. 

Beim  KeimbildungsprozelJ  unterscheidet  man 
zwischen  der  primaren  und  der  sekundaren 

£ 

Keimbildung,  wobei  erstere  noch  einmal  in  5 
homogene  und  heterogene  Keimbildung  unter-  J 
teilt  wird.  Nach  welcher  Art  die  Keimbildung 
im  Einzelfall  ablauft  hangt  insbesondere  von 
der  H6he  der  tibersattigung  und  dem  Energie- 
eintrag  in  das  System  ab.  Hierbei  kommt  es  bei 
hohen  Ubersattigungen  zur  primar  homogenen 

A1 

Keimbildung,  bei  der  die  treibende  Kraft  allein 
die  tibersattigung  ist,  bei  mittleren  Werten  zur  primar  heterogenen  Keimbildung,  die  an 
Fremdstoffoberflachen  ablauft,  und  bei  geringen  Ubersattigungen  zur  sekundaren  Keimbil¬ 
dung,  die  nur  bei  Anwesenheit  arteigener  Partikel  auftritt.  Die  absolute  Hbhe  der  tibersatti¬ 
gung,  ab  der  die  einzelnen  Mechanismen  auftreten,  ist  stark  stoffspezifisch  und  laUt  sich  uber 
die  Bestimmung  der  metastabilen  Breite  ermitteln. 

Die  Wachstumsgeschwindigkeit  eines  Kristalls  hangt  von  zahlreichen  Parametem  ab.  Dazu 
gehoren  neben  der  tibersattigung  auch  die  Relativbewegung  zwischen  Kristall  und  Ldsung. 
Dies  lalJt  sich  mit  Hilfe  des  Zwei-Stufen-Modells  erklaren.  Danach  kaim  der  Wachstumspro- 
zefl  in  zwei  Schritte  unterteilt  werden.  Im  Diffusionsschritt  werden  die  Kristallbausteine  durch 
die  Diffusionsschicht  an  die  Kristalloberflache  transportiert;  im  sich  daran  anschliefienden 
Einbauschritt  erfolgt  der  Einbau  der  Bausteine  in  die  Oberflache.  Formal  lassen  sich  beide 
Teilschritte  durch  folgende  kinetische  Ansatze  beschreiben: 


mstasfabilesGsbiet  , 
IOsiwih-Hifb  tereichl  /  / 


lenperatur 

3b.  1 :  Loslichkeitsdiagramm  [5] 


rD  =  ko-(c„-Ci)=^(c„-cJ 


und 


r,=  k,-(ci-c*)" 


(4) 

(5) 


Setzt  man  n=l,  so  erhalt  man  fur  die  Gesamtkinetik 
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'•gcs=kBes-(c»-c’)={^  +  'j^]  -(C^-C*)  (6) 

Welcher  der  beiden  Schritte  die  Wachstumsgeschwindigkeit  bestimmt,  hangt  von  den  Kristal- 
lisationsbedingungen  ab.  Die  Abhangigkeit  der  Wachstumsgeschwindigkeit  von  der  Relativ- 
bewegimg  zwischen  Kristall  und  Losung  ergibt  sich  iiber  die  Abhangigkeit  der  Diffusions- 
grenzschichtdicke  5  von  der  Relativbewegung.  Diese  lalJt  sich  durch  die  Ruhrerdrehzahl  und  - 
form  beeinflussen. 

Die  Ubersattigung  kaim  durch  das  Einstellen  verschiedener  Abkiihlgeschwindigkeiten  variiert 
werden.  Um  eine  iiber  die  Versuchsdauer  konstante  Wachstumsgeschwindigkeit  zu  erhalten, 
muB  bei  Aimahme  einer  linearen  Loslichkeitskurve  die  Abkuhlgeschwindigkeit  kontinuierlich 
gesteigert  werden. 

Dieses  Zwei-Stufen-Modell  stellt  eine  starke  Vereinfachung  der  tatsachlich  ablaufenden  Vor- 
gange  dar.  Nach  Elwell  und  Scheel  [6]  laBt  sich  der  Kristallisationsvorgang  in  bis  zu  9  Teil- 
schritte  aufteilen.  Des  weiteren  wird  in  den  bisher  gangigen  Modellen  der  EinfluB  der  Kristal- 
lisationswarme  auf  die  Loslichkeit  in  immittelbarer  Oberflachennahe  vemachlassigt,  obwohl 
sich  die  Temperatur  nahe  der  Oberflache  wegen  des  geringen  Volumens,  in  der  die  Energie 
frei  Oder  verbraucht  wird,  deutlich  von  der  Temperatur  in  der  Losung  unterscheiden  kann. 

Die  Produkteigenschaften  werden  im  grofien  MaBe  dadurch  beeinfluBt,  welcher  Keimbil- 
dungsmechanismus  dominiert  und  in  welchem  Verhaltnis  Keimbildung  und  Kristallwachstum 
zueinander  stehen.  So  konnen  z.B.  feine  Partikel  erzeugt  werden,  indem  die  ProzeBbedingun- 
gen  so  gewahlt  werden,  daB  die  Keimbildungsrate  hohe  Werte  aimimmt,  da  dann  ein  GroBteil 
der  zur  Verfiigimg  stehenden  Ubersattigung  durch  die  primare  homogene  Keimbildung  abge- 
baut  wird.  Andererseits  werden  groBe  Kristalle  vorwiegend  bei  Bedingungen  gebildet,  die  sich 
durch  geringe  Ubersattigungen  und  einem  geringen  Energieeintrag  auszeichnen. 

Ein  weiterer  wichtiger  Parameter,  der  die  Produktqualitat  beeinfluBt,  ist  das  Losungsmittel, 
aus  dem  auskristallisiert  wird.  Durch  die  Wahl  des  Losungsmittels  kann  die  Form  des  Kri- 
stalls  verandert  werden.  Je  nachdem  welches  Losungsmittel  verwendet  wird,  entstehen  Kri¬ 
stalle  unterschiedlichster  Formen,  obwohl  der  Aufbau  einer  Elementarzelle  stoffspezifisch 
und  damit  unabhangig  vom  verwendeten  Losungsmittel  ist.  Erklaren  kaim  man  dieses  Phano- 
men  damit,  daB  verschiedene  Kristallflachen  unterschiedlich  schnell  wachsen,  wodurch  sich 
der  Kristallhabitus  ausbildet.  Bei  verschiedenen  Ldsungsmitteln  koimen  die  VerhSltnisse  an 
den  einzelnen  Flachen  stark  differieren.  Denkbar  ist,  daB  die  Flache  A  im  Verhaltnis  zur  Fla- 
che  B  im  ersten  Losungsmittel  sehr  rasch,  in  einem  zweiten  Losungsmittel  dagegen  nur  sehr 
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langsam  wachst.  Grand  daflir  sind  die  flachenspezifischen  Wechselwirkungen  zwischen  Kri- 
stall  und  Losungsmittel.  Aus  dem  gleichen  Grand  konnen  auch  der  Losung  zugesetzte  Addi¬ 
tive  die  Kristallform  verandem.  Bei  Kenntnis  solcher  Wechselwirkungsparameter  (z.B.  Ober- 
flachenenergie)  ist  eventuell  eine  Voraussage  der  Kristallform  moglich.  Zu  beachten  ist,  daB 
im  Kristallhabitus  diejenigen  Flachen  dominieren,  die  die  kleinsten  Wachstumsgeschwindig- 
keiten  besitzen,  und  die  schnell  wachsenden  verschwinden. 


3.  Kristallfehler 

In  jedem  realen  Kristall  befinden  sich  Stellen,  an  denen  das  regelmaBige  Raumgitter  gestort 
ist.  Allgemein  werden  solche  Kristallfehler  in  drei  Kategorien  eingeteilt: 
chemische  Verunreinigungen, 

Kristallbaufehler  und 
elektronische  Fehlstellen. 

So  ist  fiir  das  Kristallwachstum  das  Vorhandensein  von  Fehlstellen  in  Form  von  Stufenver- 
setzungen  unabdingbar,  da  dadurch  Halbkristallagen  gebildet  werden,  an  denen  sich  die  Kri- 
stallbausteine  energetisch  gilnstig  einlagem.  Grundsatzlich  ist  anzumerken,  daB  sich  Fehlstel¬ 
len  durch  einen  erhdhten  Energiezustand  im  Gitter  auszeichnen.  In  kristallinen  Explosiv- 
stoffkomponenten  ist  deshalb  die  zur  Detonationsauslosung  von  auBen  zuzufuhrende  Energie 
an  Fehlstellen  gegentiber  ungestorten  Kristallbereichen  herabgesetzt,  weshalb  moglichst  fehl- 
stellenarme  Krlstalle  im  Explosivstoffbereich  eingesetzt  werden.  Je  nach  Art  der  Fehlstelle 
sind  unterschiedliche  Ursachen  fiir  die  Entstehung  solcher  Defekte  verantwortlich. 
Elektronische  Fehlstellen  zeichnen  sich  durch  fehlende  oder  uberschussige  Elektronen  aus. 
Diese  kormen  durch  den  Einbau  von  Fremdatomen,  die  mehr  oder  weniger  freie  Elektronen 
als  die  regularen  Atome  haben,  erzeugt  werden.  Bei  der  Herstellung  von  Halbleitem  -wird 
dieser  Effekt  durch  eine  gezielte  Zugabe  von  Fremdatomen  ausgenutzt. 

Chemische  Verunreinigungen  haben  unterschiedliche  Auswirkungen  auf  die  iKristallstruktur. 
Bei  Fremdatomen,  die  eine  ahnliche  chemische  Struktur  wie  die  regularen  Kristallbausteine 
besitzen,  kommt  es  nur  zu  einer  geringen  Storung.  In  anderen  Fallen  kann  es  zur  Bildung  von 
Mischkristallen  oder  Clustem  (Einlagerungen)  kommen,  die  zu  Verzerrungen  und  Spannun- 
gen  in  der  Gitterstruktur  fuhren. 

Kristallbaufehler  bilden  sich  direkt  wahrend  des  Kristallwachstums.  Sie  werden  gemaB  ihrer 
Dimension  in  vier  Klassen  eingestuft. 


66-7 


•  Punktdefekte,  die  auch  als  nulldimensionale  Fehler  bezeichnet  werden,  sind  z.B.  nicht  be- 
setzte  Oder  mil  Fremdatomen  besetzte  Gitterplatze  oder  in  Gitterzwischenraume  eingebaute 
Atome  und  Molekule.  Punktdefekte  kommen  sehr  haufig  vor,  da  die  Gitterbausteine  in 
folge  ihrer  Warmebewegung  standig  in  Bewegung  sind. 

•  Versetzungen  sind  von  eindimensionaler  GroBenordnung.  Dabei  unterscheidet  man  zwi- 
schen  Stufen-  und  Schraubenversetzungen,  wobei  Schraubenversetzungen  aus  einer  um  90° 
versetzten  Aneinanderreihung  von  Stufenversetzungen  entstehen.  Die  Stufenversetzungen 
selbst  Widen  sich  infolge  starker  Scherbeanspruchung  auf  den  ICristall  aus.  Wie  oben  er- 
wahnt  findet  an  solchen  Versetzungen  das  Kristallwachstum  bevorzugt  start,  da  der  einzu- 
bauende  Baustein  in  der  „Halbkristallage“  bereits  von  bis  zu  drei  gleichen  Nachbam  um- 
geben  ist.  Bei  einem  Einbau  in  eine  ebene  Kristallflache  ware  nur  ein  Nachbar  vorhanden, 
was  einen  gegeniiber  der  Halbkristaliage  energetisch  ungiinstigeren  Zustand  bedeutet. 

•  Aneinanderreihungen  von  Versetzungen  kann  man  als  2nveidimensionale,  flachenhafte  Kri- 
stallbaufehler  interpretieren.  Hierzu  gehoren  neben  Phasengrenzflachen  auch  Kleinwinkel- 
komgrenzen,  die  sich  aus  einer  regelmaBigen  Anordnung  von  Stufenversetzungen  ergeben. 
Grenzfiachen  existieren  nicht  nur  zwischen  verschiedenen  Kristalliten  -  dann  spricht  man 
von  Komgrenzen  sondem  werden  auch  durch  Gas-  oder  Fltissigkeitseinschlttsse  gebildet. 

•  Solche  Gas-  oder  FliissigkeitseinschlUsse  sind  dreidimensionale  Defekte,  die  durch  unre- 
gelmSBiges  Wachstum  entstehen.  Wenn  Oberflachenbereiche  ihr  Wachstum  verlangsamen 
Oder  gar  beenden,  Nachbarbereiche  dagegen  weiterwachsen,  kommt  es  zu  einer  solchen 
Lunkerbildung,  die  verstarkt  an  Versetzungslinien  auftrirt. 

Zur  Detektierung  solcher  Defekte  stehen  verschiedene  Methoden  zur  Verfugung.  Dabei  bieten 
heute  die  modemen  Analysengerate  prinzipiell  die  Moglichkeit,  samtliche  Arten  von  Fehl- 
stellen  zu  erkermen  und  zu  quantifizieren.  So  konnen  z.B.  hochauflosende  Elektronenmikros- 
kope  selbst  Punktdefekte  detektieren.  Dabei  ist  zu  bedenken,  daB  solche  hochempfindllchen 
Methoden  aufwendig  und  teuer  sind  und  sich  nur  selten  fur  Reihenuntersuchungen  eignen.  Da 
diese  Methoden  zumeist  fur  Untersuchungen  an  Einkristallen  entwickelt  worden  sind,  erweist 
sich  eine  Ubertragung  auf  Untersuchungen  an  Kristallkollektiven  als  schwierig  oder  gar  un- 
moglich,  so  daB  in  diesen  Fallen  eine  Fehlstellenanalyse  hochstens  qualitativ  erfolgen  kann. 
Als  relativ  improblematisch  erweist  sich  die  Detektierung  chemischer  Venmreinigungen,  da 
hierzu  auf  die  Methoden  der  analytischen  Chemie  zuriickgegriffen  werden  kaim.  Dazu  geho¬ 
ren  chromatographische  (Gas-  oder  Fliissigkeitschromatographie)  und  spektroskopische  Me- 
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thoden,  mit  denen  die  BCristalle  auf  Uire  Reinheit  hin  untersucht  werden  koimen.  Diese  Metho- 
den  sind  stoffspezifisch  und  lassen  gegenuber  einem  definierten  Standard  quantitative  Aussa- 
genzu. 

Zur  Detektierung  von  Gas-  oder  Flussigkeitseinschliissen  stehen  zwei  sich  erganzende  Metho- 
den  zur  Verfugung.  Mit  Hilfe  der  optischen  Mikroskopie  konnen  in  transparenten  Kristallen 
vorhandene  Einschlusse  sichtbar  gemacht  werden.  Da  mit  dieser  Methode  mn  eine  begrenzte 
Anzahl  von  Kristallen  untersucht  werden  kaim,  sollte  zur  Ermittlung  quantitativer  Daten  eine 
Dichtemessung  durchgefuhrt  werden.  Soweit  sich  das  eingeschlossene  Material  in  der  Dichte 
vom  reinen  Kristall  unterscheidet,  lassen  sich  dadurch  groBere  Mengen  von  Kristallen  hin- 
sichtlich  Lunkerbildung  charakterlsieren. 

Bei  der  Detektierung  von  Kristallbaufehlem  treten  mit  Ausnahme  von  Volumendefekten  er- 
hebliche  Schwierigkeiten  auf.  Lediglich  Komgrenzen,  also  Flachendefekte  lassen  sich  nach 
aufwendiger  Probenvorbereitung  mikroskopisch  nachweisen.  Untersuchungsmethoden,  die 
die  Reflexion  oder  Beugung  von  Rdntgenstrahlen  ausnutzen,  liefem  Aussagen  iiber  Gitter- 
strukturen,  woraus  RiickschlUsse  auf  die  vorliegende  Kristallmodifikation  und  eventuelle 
Gitterverzerrungen  gezogen  werden  konnen. 

Da  flir  die  Bildung  von  „hot  spots"  Fehlstellen  mit  einer  MindestgrSBe  von  5  pm  vorhanden 
sein  mtissen,  beschrMnlct  sich  die  Charakterisierung  der  vorhandenen  Fehlstellen  auf  Volu- 
mendefekte,  wie  z.B.  Einschliisse  und  Cluster.  Die  anderen  oben  genannten  Kristallfehler  be- 
sitzen  in  der  Regel  wesentlich  geringere  Ausdehnungen  und  konnen  deshalb  auBer  acht  gelas- 
sen  werden. 


4.  Durchgefuhrte  Versuche 
4.1  Versuchsanfbau 

Ftir  die  Umkristallisationsversuche  stand  folgende  Glasapparatur  zur  Verfugung,  die  in  Abbil- 
dung  2  schematisch  dargestellt  ist.  Die  Kristallisation  erfolgt  in  einem  zylindrischen  Doppel- 
mantelge:^  aus  Duranglas,  das  mit  einem  passenden  Planflansch-Deckel  geschlossen  werden 
kann.  An  diesen  Deckel  sind  Uber  Normschlifflialse  ein  Tropftrichter,  ein  Thermoelement,  eln 
Thermometer  und  das  Riihrorgan  angebracht.  Die  Temperierung  der  Losung  erfolgt  fiber 
einen  Kryostaten  (Lauda,  RUK  90),  der  mit  einem  extemen  Programmgeber  (Lauda,  PM  351) 
ausgeriistet  ist.  Als  Warmetragermedium  dient  eine  Wasser-Glycerin-Mischung,  die  durch  den 
Doppehnantel  stromt.  Die  damit  eneichbaren  Temperaturen  liegen  im  Bereich  zwischen  0°C 
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imd  100°C.  Mit  Hilfe  des  extemen  Pro- 
grammgebers  ist  es  mSglich,  de&iierte 
Aufheiz-  und  AbkUhlkurven  vorzugeben. 

Die  jeweilige  Temperatur  der  Lbsung  Mt 
sich  standig  ttber  das  in  die  Lfisung  ein- 
gebrachte  Thermoelement  bestimmen  und 
auf  einem  Schreiber  au£:eichnen. 

Zum  Einsatz  kamen  zwei  verschieden 
grofie  KristallisationsbehSlter.  ZunSchst 
wurden  Versuche  in  einem  11  GefSfi  durch- 
gefuhrt.  Die  fiir  die  GAP-Tests  erforder- 

liche  grSBere  Menge  HMX  wurde  in  einem  schematische  Darstellung  des  Versuchaufbaus 

2,51  Ge^  umkristallisiert. 

Fur  die  vor  den  eigentlichen  Umkristallisationsversuehen  durchgefhhrten  Lbslichkeits- 
versuche  wurde  ein  400  ml  fassendes  DoppelmantelgefSB  verwendet. 


4.2  VersuchsdurchjFShning  und  -ergebnisse 

Da  den  Lbslichkeitskurven  bereits  grundlegende  Erkeimtnisse  liber  den  weiteren  Kristallisa- 
tionsprozeB  zu  entnehmen  sind,  wurde  fUr  Oktogen  die  Lbslichkeit  in  mehreren  Lbsungsmit- 
teln  bestimmt.  Dazu  wurde  in  einem  DoppelmantelgefSB  ca.  200  ml  Lbsemittel  vorgelegt  imd 
temperiert.  Datm  wurde  unter  standigem  Riihren  solange  Oktogen  hinzu  gegeben,  bis  sich  ein 
Bodensatz  bildete.  Diese  Suspension  wurde  anschlieBend  erne  Stunde  bei  gleichbleibender 
Temperatur  geriihrt.  Nach  Abschalten  des  Riihrers  setzten  sich  die  ungelbsten  Partikel  am 
Boden  ab  (Beruhigungszeit  ca.  30  Minuten),  so  daB  sich  eine  klare  Lbsung  liber  dem  Boden¬ 
satz  ausbildete,  aus  der  mit  einer  Pipette  eine  Probe  entnommen  werden  konnte.  Durch  Ein- 
trocknen  dieser  Proben  wurde  fiir  verschiedene  Temperaturen  die  Gleichgewichtskonzen- 
tration  in  der  Lbsung  gravimetrisch  ermittelt.  Aufgetragen  liber  die  Temperatur  ergeben  sich 
die  Lbslichkeitskurven.  Da  die  verwendeten  Lbsungsmittel  zumeist  schwerfllichtige  Verbin- 
dungen  sind,  muBte  die  Trocknung  im  Vakuumtrockenschrank  bei  ca.  50  mbar  und  90°C 
stattfinden,  damit  sichergestellt  ist,  daB  das  gesamte  Lbsungsmittel  entfemt  wurde  (auch  aus 
dem  Kristalliimeren). 

Die  Ergebnisse  fiir  die  untersuchten  Lbsungsmittel  sind  in  Abbildung  3  dargestellt. 
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Von  sechs  Losungsmitteln  kommen  vier  Sir  weitergehende  Untersuchungen  in  Betracht.  Um- 
kristallisationen  aus  Aceton  wurden  aufgrund  des  geringen  Losevermogens  genauso  wenig 
weiter  durchgefuhrt  wie  aus  DMSO,  da  hierbei  wegen  des  hohen  Restgehalts  an  Oktogen  am 
Ende  der  Abkuhlphase  nur  eine  sebr  geringe  Ausbeute  erreicbbar  gewesen  ware. 
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Abb.  3;  Lbslichkeitsdiagramm  von  HMX  in  verschiedenen  Lbsungsmitteln 


4.2.1  Cvciohexanon 

Bei  der  Umkristallisation  aus  Cyclobexanon 
zeigte  sicb,  daD  nur  sebr  geringe  Ausbeuten  er- 
reicbt  werden  koimten.  Tbeoretiscb  sollten  bei 
einer  Abkublung  von  80°C  auf  5°C  90%  des  ein- 
gesetzten  Oktogens  auskristallisieren.  Tatsacblicb 
fielen  aber  nur  15%  als  kristalline  Partikel  an. 

Die  als  Alternative  durcbgefubrten  Verdamp- 
fungskristallisationen  ergaben  zwar  eine  verbes- 
serte  Ausbeute  (ca.30%),  jedocb  waren  die  so 
erbaltenen  Kristalle  sebr  klein  und  umegelmaUig  geformt  (Abb.  4). 

Bei  der  Verdampfungskristallisation  lassen  sicb  generell  die  Versucbsparameter  nur  bedingt 
variieren,  so  dafi  der  Prozefl  nur  ungeniigend  gesteuert  werden  kann.  Dies  gilt  insbesondere 
fur  die  im  Rotationsverdampfer  ablaufenden  Versucbe,  bei  denen  sicb  nur  die  Verdampfungs- 
geschwindigkeit  verandem  lafit.  Da  die  mit  verschiedenen  Verdampfungsgescbwindigkeiten 


Abb.  4:  HMX  aus  Cyclobexanon  durch  Ver¬ 
dampfungskristallisation;  X  =  55um 
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hergestellten  Partikel  hinsichtlich  der  GroBe  und  Form  kaum  Unterschiede  zeigten,  wurden 
diese  Versuche  vorerst  nicht  weiter  gefiihrt. 

4.2.2  N-Methylpyrrolidon  (NMP) 

Bei  den  Umkristallisationen  aus  N-MethylpyrroHdon  wurden  folgende  Parameter  eingestellt: 

•  Temperaturprogramm:  Abkiihlung  von  85°C  auf  5°C  in  4  h 

isothermes  Halten  bei  5°C  fur  30  min 

•  4-Blatt-Ruhrer  mit  150  U/min 

Dabei  stellte  sich  heraus,  daB  die  Kristalle  eine  rauhe  Oberflache  und  unregelmaBige  Form 
haben  (Abb.  5).  Weiterhin  waren  die  Kristalle 
teilweise  nicht  transparent,  was  auf  Losungs- 
mitteleinschlusse  hindeuten  katm.  Die  Mes-  . 
sung  der  Reib-  und  Schlagempfindlichkeit  ' 
zeigte,  daB  die  Umkristallisation  keine  Ver- 
besserung  der  Empfindlichkeit  mit  sich 
brachte.  Auch  eine  Verringerung  der  Abkuhl- 
geschwindigkeit  (Abkiihldauer  8  Stunden),  . 
wodurch  ein  gleichmaBigeres  Wachstum  er-  ...  , 

reichbar  ist,  fiihrte  zu  keiner  Verbesserung  der  Form  und  Oberflacheneigenschaften. 

4.2.3  Dimethvlformamid  fPMFl 

Die  Kuhlkristallisation  in  DMF  wurde  zunachst  unter  den  gleichen  Bedingungen  wie  die  in 
NMP  durchgefiihrt.  Die  dabei  erhaltenen  Partikel  zeichneten  sich  dmch  eine  annahemd  spha- 
rische  Form  und  einer  glatten  Oberflache  aus  (Abb.  6). 

Aufgrund  dieser  positiven  Ergebnisse  sollte  durch  Variation  der  Parameter  Abkiihlgeschwin- 
digkeit,  Ruhrerdrehzahl  und  Riilirerform  versucht  werden,  ob  sich  eine  Optimierung  hinsicht¬ 
lich  KomgroBe  und  Form  erreichen  laBt. 

Als  Ruhrer  kamen  Blattriihrer  mit  zwei  bzw.  vier  schragen  Ruhrerblattem  zum  Einsatz.  Nach- 
dem  sich  beim  Einsatz  des  2-Blatt-Ruhrers  herausstellte,  daB  die  Losung  speziell  bei  niedri- 
gen  Umdrehungszahlen  nur  unzureichend  gut  durchmischt  wird,  imd  die  Gefahr  besteht,  daB 
bereits  gebildete  Kristalle  zu  Boden  sinken,  wurden  die  weiteren  Versuche  mit  dem  4-Blatt- 
Ruhrer  durchgefuhrt. 
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Die  Abkiihlgeschwindigkeit  wurde  dahingehend  variiert, 
dafi  die  Abkuhlung  der  Losung  von  85°C  auf  5°C  in  2,  4 
bzw.  6  h  bei  einer  Ruhrerdrehzahl  von  150  U/min  erfolgte. 

Dabei  stellte  sich  heraus,  dafi  eine  Verlangerung  der  Ab- 
kuhlzeit,  also  eine  Verringerung  der  Abkiihlrate,  eine 
groBere  mittlere  KomgroBe  und  engere  KomgroBen- 
verteilung  zur  Folge  hat  (der  xso.s-Wert  verandert  sich  von 
252  auf  348  bzw.  365  [im).  Dies  ist  dadurch  zu  erklaren, 
daB  wahrend  des  Abkuhlens  keine  so  hohen  Ubersattigun- 
gen  auftreten  und  sich  somit  eine  geringe  Keimbildungsrate  einstellt.  Die  zur  Verfugung  ste- 
hende  Ubersattigung  kann  dann  iiberwiegend  durch  das  Kristallwachstum  abgebaut  werden. 
Zudem  steht  fiir  das  Wachstum  mehr  Zeit  zur  Verfugung,  so  daB  die  geringere  Wachstums- 
geschwindigkeit,  bedingt  durch  die  geringere  Ubersattigung,  ausgeglichen  wird.  Durch  die 
geringe  Ubersattigung  kommt  es  zu  einem  langsamen  und  gleichmaBigen  Wachstum,  was 
wiederum  zu  gleichmSBigeren  Kristalle  flihrt. 

Die  Riihrergeschwindigkeit  beeinfluBt  die  Relativbewegimg  zwischen  Kristall  und  Ldsung. 
Eine  steigende  Drehzahl  flihrt  zu  einer  Verringerung  der  Diffusionsgrenzschicht  und  damit  zu 
einer  grbBeren  Wachstumsgeschwindigkeit.  Dies  gilt  allerdings  nur  fllr  den  Bereich,  in  dem 
die  Wachstumskinetik  durch  den  Diffusionsschritt  begrenzt  wird.  Ab  einer  bestimmten  Riih- 
rerdrehzahl  kann  das  Wachstum  nicht  mehr  durch  eine  weitere  Erhohung  der  Drehzahl  gestei- 
gert  werden,  da  dann  der  Einbauschritt  limitierend  auf  die  Wachstumsgeschwindigkeit  wirkt. 
Es  wurden  Versuche  mit  Rtihrerdrehzahlen  von  75,  150  und  225  U/min  durchgefuhrt,  wobei 
jeweils  eine  Abkuhlung  von  85°C  auf  5°C  in  4  h  erfolgte.  Es  zeigte  sich,  daB  eine  Erhohung 
der  Ruhrergeschwindigkeit  eine  groBere  mittlere  KomgroBe  und  eine  breitere  Verteilung  be- 
wirkt  (der  X5o,3-Wert  verandert  sich  von  284  auf  348  bzw.  407  gm).  Die  Kristallform  nahert 
sich  mit  steigender  Drehzahl  der  Kugelform  an,  was  allerdings  kein  Wachstumseffekt  ist, 
sondem  durch  Kristallabrieb  hervorgerufen  wird.  Dies  wird  auch  durch  die  breitere  Verteilung 
bei  hoheren  Drehzahlen  bestatigt,  da  der  Feinanteil  durch  Kristallbmch  entsteht. 

Aus  diesen  Ergebnissen  ergibt  sich,  daB  durch  Umkristallisation  aus  DMF  sowohl  hinsichtlich 
der  mittleren  KomgroBe  als  auch  beziiglich  der  Komform  eine  deutliche  Verbessenmg  gegen- 
iiber  dem  Ausgangsmaterial  erreicht  werden  kann.  Dabei  ist  das  Ergebnis  um  so  besser,  je 
grofier  die  Ruhrerdrehzahl  und  je  langer  die  Abkiihlphase  ist.  Bezuglich  der  Abkiihldauer  ist 
allerdings  anzumerken,  daB  eine  6-stundige  Abkiihlphase  gegeniiber  einer  4-stundigen  nur 
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eine  geringe  Verbesserung  bringt,  die  den  Nachteil  der  langeren  Versuchszeit  nicht  recht- 
fertigt.  Bei  Steigerang  der  Riihrerdrehzahl  ist  zu  bedenken,  daB  vermehrt  Kristallabrieb  und 
Kristallbruch  auftritt,  was  zu  einer  breiten  Verteilung  fiihrt. 

Trotz  dieser  Ergebnisse  wurde  die  Umkristallisation  aus  Dimethylformamid  eingestellt,  da 
Rontgenbeugungsuntersuchungen  zeigten,  daB  das  aus  DMF  kristallisierte  Oktogen  nicht  in 
der  kristallinen  P-Phase,  sondem  in  einer  nicht  kristallinen  Modifikation  vorlag.  Die  Reib- 
und  Schlagempfindlichkeit  des  umkristailisierten  Materials  entspricht  der  des  Original- 
oktogens,  wohingegen  die  Ergebnisse  des  GAP-Tests  eine  deutlich  gesteigerte  Empfindlich- 
keit  des  umkristailisierten  HMX  zeigen. 

Die  Bildung  der  nicht  kristallinen  Modifikation  aus  DMF  kann  gegebenenfalls  durch  Zugabe 
von  Additiven  unterdriickt  werden,  ohne  dabei  die  weiteren  Eigenschaften  des  Oktogens  zu 
beeinflussen.  Dies  sollte  durch  weitere  Experimente  und  Simulation  verifiziert  werden. 

4.2.4  ProDvlencarbonat  (PCI 

Bei  der  Kristallisation  aus  Propylencarbonat  trat  das  Problem  auf,  daB  die  Keimbildung  erst 

bei  sehr  hohen  Unterkuhlungen  (tJbersgttigungen) 

einsetzte.  Daraus  ergab  sich  eine  Vielzahl  sehr  kleiner  ’1' 

Kristalle,  was  zu  Schwierigkeiten  bei  der  Filtration  i- 

und  Trocknung  fiihrte,  da  die  Kristalle  stark  agglome- 

rieren.  AuBerdem  trat  die  Keimbildung  nicht  reprodu- 

zierbar  bei  der  selben  Temperatur  ein,  so  daB  stark 

unterschiedliche  Produktqualitaten  erzielt  wurden. 

Um  reproduzierbar  zu  groBeren  Kristallen  zu  kom- 

men,  muBte  die  Keimbildung  zu  einem  friiheren  Zeit-  PC  umkristallisiert; 

X  =  700  |im 

punkt  ausgelost  werden.  Somit  konnte  die  Wachs- 

tumsphase  verlangert  und  eine  primar  homogene  Keimbildung  unterdriickt  werden.  Diese 
Initiierung  der  Keimbildung  laBt  sich  z.B.  durch  Zugabe  von  Wasser  in  die  heiBe,  ubersattigte 
Losung  erreichen.  Durch  die  Wasserzugabe  wird  das  Losevermogen  des  Propylencarbonats 
beziiglich  Oktogen  vermindert,  d.h.  die  Ubersattigung  nimmt  spontan  zu,  wodurch  es  zur 
Keimbildung  kommt.  An  diese  Keimbildungsphase  schlieBt  sich  die  Abkiihlphase  an,  in  der 
die  Kristalle  wachsen.  Auf  diese  Weise  lassen  sich  Kristalle,  die  sich  durch  eine  rhombus- 
artige  Form  auszeichnen,  herstellen  (Abb.  7).  Rontgenbeugungsuntersuchungen  ergaben,  daB 
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es  sich  dabei  um  die  gewunschte  Kristallmodifikation  handelt,  so  daB  weitere  Untersuchimgen 
mit  diesem  System  erfolgten. 

Fur  die  Versuche  wurden  eine  Losung  bestehend  aus  900  g  Propylencarbonat  und  135  g  HMX 
(X=0,15)  auf  95°C  erhitzt.  Daran  schlofi  sich  eine  Abkuhlung  auf  75°C  an  (dT/dt=0,67 
K/min),  wodurch  sich  eine  relative  Ubersattigung  von  1,26  bzw.  eine  Unterkuhlung  von  17°C 
einstellte.  Uber  den  Tropftrichter  wurde  der  Losung  nun  irmerhalb  von  1  Minute  60  ml  Was- 
ser  zugesetzt,  wobei  ein  feiner  Kristallnebel  auftrat.  Darauf  folgte  die  eigentliche  Abkiihl- 
phase,  wahrend  der  das  Kristallwachstum  stattfand.  Im  AnschluB  an  die  Abkuhlphase  wurde 
die  Suspension  bei  5°C  fur  30  Minuten  weitergeruhrt,  ehe  der  Kristallbrei  iiber  ein  Filter  von 
der  Losung  getrennt  und  mit  Aceton  nachgewaschen  werden  koimte. 

Bei  den  Kristallisationsversuchen  kam  ein  4-Blatt-Ruhrer  bei  250  U/min  zum  Einsatz.  Die 
Abkuhlrate  wurde  auf  17,5  K/h  eingestellt.  Es  entstanden  Kristalle  mit  einer  mittleren  Kom- 
groBe  von  420  pm  und  einer  engen  KomgroBen- 
verteilung.  Die  Partikel  waren  rautenformig  und  batten 
weitgehend  eine  glatte  Oberflache.  Bei  einigen  Kri- 
stallen  hatte  sich  die  Rautenform  noch  nicht  vollstandig 
ausgeprSgt,  start  dessen  wiesen  diese  Kristalle  eine 
Kreuzform  auf  (Abb.  8).  Dies  deutet  auf  die  Bildung 
von  Twin-Kristallen  hin,  bei  denen  in  der  Twinebene 
eine  innere  Spannung  auflrirt.  Die  gute  Transparenz  der 
Kristalle  laBt  eine  einfache  optische  Beurteilung  des 

Abb.  8:  Twin-Bildung  von  HMX;  x=450nm 

Kristallinneren  zu.  Durch  Untersuchimgen  im  Licht- 

mikroskop  lassen  sich  keine  Einschlusse  nachweisen,  was  auf  ein  gleichmaBiges  Wachstum 
hindeutet. 

Die  folgenden  Versuche  wurden  unter  Verwendung  eines  Turbinenriihrers  durchgefuhrt,  der 
eine  bessere  axiale  Vermischung  ermoglicht. 

Um  den  EinfluB  des  Riihrers  zu  bestimmen,  wurden  zunachst  die  anderen  Versuchsparameter 
konstant  gehalten.  Es  entstand  ein  deutlich  groberes  Produkt  mit  einem  mittleren  Komdurch- 
messer  von  527  pm.  Dies  laBt  sich  durch  den  verbesserten  Stoffubergang  erklaren,  der  zu 
einer  erhohten  Wachstumsgeschwmdigkeit  und  damit  zu  groBeren  Kristallen  fuhrt.  Auf  die 
Form  der  BCristalle  hat  die  eingesetzte  Ruhrerart  keinen  signifikanten  EinfluB.  Es  entstanden 
wiederum  rhombusartig  geformte  Partikel,  die  allerdings  keine  glatte  Oberflache  besitzen. 
Vielmehr  sind  auf  der  Oberflache  neue  Keime  zu  erkennen,  die  als  Dentriten  aus  dem  Mutter- 
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kristall  heraus  wachsen.  Verschiedene  Kristalle  weisen  Bruchstellen  auf,  die  auf  eine  hohe 
Belastung  durch  den  Rtoer  hindeuten.  Die  durchgefiihrten  lichtmikroskopischen  Untersu- 
chungen  zeigen,  daB  die  Kristalle  keine  groBeren  Einschlusse  aufwelsen.  Es  kommt  also  auch 
bei  der  erhohten  Wachstumsgeschwindigkeit  zu  einem  gleichmaBigen  Wachstum. 

In  weiteren  Versuchen  wurde  die  Ruhrerdrehzahl  bei  250  U/min  konstant  gehalten,  jedoch 
erfolgte  die  Abkuhlung  von  75  auf  5°C  innerhalb  von  2  Stunden  (dT/dt=35  K/h).  Unter  diesen 
Bedingungen  entstanden  Kristalle  mit  einer  mittleren  KomgroBe  von  390  pm,  die  in  ihrer 
GroBe  allerdings  sehr  breit  verteilt  waren.  Das  Vorhandensein  kleiner  Partikel  ist  zum  einen 
auf  erhohten  Abrieb  durch  die  groBe  Ruhrerbeanspruchung  und  zum  anderen  auf  die  auf  die 
Halfte  reduzierte  Kristallisationszeit  zuruckzufiihren.  Zwar  ist  aufgrund  der  erhohten  Ubersat- 
tigung  auch  die  Wachstumsgeschwindigkeit  groBer,  doch  scheint  dies  die  verkurzte  Wachs- 
tumszeit  nicht  zu  kompensieren.  Weiter  ist  anzumerken,  dafi  die  Kristalle  aufgrund  der  hohen 
Wachstumsgeschwindigkeit  eine  erheblich  schlechtere  Oberflachenbeschaffenheit  aulweisen. 
Auf  der  Kristalloberflache  traten  Unebenheiten  auf,  die  auf  ein  dendritisches  Wachstum  hin¬ 
deuten.  Dieses  tritt  vor  allem  bei  hohen  Ubersattigungen  auf  und  fuhrt  zu  einer  verstarkten 
sekundaren  Keimbildung,  was  wiederum  eine  kleinere  mittlere  PartikelgroBe  bedingt. 

Um  den  EinfluB  der  ROhrergeschwindigkeit  auf  die  Produkteigenschaften  zu  ermitteln, 
wurden  weitere  Versuche  durchgefUhrt,  bei  denen  die  Abkiihlzeit  4  Stunden  und  die  Riihrer- 
drehzahl  350  U/min  betrug.  Die  entstandenen  Kristalle  hatten  eine  mittlere  KomgroBe  von 
380  pm,  wobei  es  sich  dabei  allerdings  um  eine  bimodale  Verteilung  handelt.  Bei  den  kleinen 
Partikeln  handelt  es  sich  um  Kristallabrieb,  der  durch  die  ZusammenstoBe  mit  dem  Rtihrer 
Oder  den  Partikeln  untereinander  entsteht.  Diese  Kristalle  besitzen  keine  einheitliche  Form 
und  haben  eine  unebene  Oberflache.  Dagegen  zeigen  die  durch  Abrieb  nicht  zerstorten  groBen 
Partikel  (mittlere  KomgroBe  ca.  550  pm)  die  fiir  die  Kristallisation  aus  PC  charakteristische 
Rautenform.  Neben  dem  Kristallabrieb  tritt  unter  diesen  Kristallisationsbedingungen  ein  wei- 
terer  imerwiinschter  Effekt  auf.  Viele  der  Kristalle  besitzen  im  Lichtmikroskop  deutlich  er- 
kennbare  Einschlusse,  die  entweder  Luft  oder  Ldsungsmittel  enthalten.  Ursache  daflir  ist  die 
zu  groBe  Wachstumsgeschwindigkeit,  die  zum  einen  auf  den  guten  Stoffaustausch  zwischen 
LOsung  und  Kristall  und  zum  andem  auf  die  hohe  Versetzungsdichte  auf  der  beschSdigten 
Oberflache  zuruckzufiihren  ist.  Man  geht  davon  aus,  daB  das  Wachstum  bei  stark  beschSdig- 
ten  Kristallen  hauptsachlich  an  den  Versetzungen  stattfindet,  wobei  dann  vermehrt  Lunker- 
bildung  auftritt  [7]. 
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5.  GAP  -  Tests 

Um  einen  moglichen  Zusammenhang  zwischen  den  Versuchsparametem  und  der  Empfind- 
lichkeit  der  HMX-Kristalle  gegenuber  einer  Druckwelle  zu  erhalten,  wurden  BICT-Wasser- 
GAP-Tests  durchgefuhrt.  Die  fiir  diese  Tests  benotigten  PBX  batten  einen  Fiillgrad  von  70 
Gew.-%  HMX,  das  eine  PartikelgroCe  zwischen  250  und  425  pm  aufwies.  Als  Binder  wurde 
HTPB  verwendet.  Die  eingesetzten  Siebfiraktionen  besaOen  unterschiedliche  Dichten,  was  auf 
unterschiedliche  Kristallqualitaten  hindeutet.  In  Abbildung  9  ist  das  Ergebnis  der  GAP-Tests 
graphisch  dargestellt. 


Dichte  /g/cm^ 

Abb.  9:  Graphische  Darstellung  der  Ergebnisse  der  GAP-Tests 

Dargestellt  ist  die  GAP-Distanz  h,  bei  der  es  gerade  noch  zur  Detonation  des  PBX  konimt,  als 
Funktion  der  Partikeldichte  fur  das  Original-HMX  und  vier  in  Propylencarbonat  umkristal- 
lisierte  HMX-Chargen.  Je  geringer  der  Abstand  zwischen  Initiator-  und  Testladung  ist,  desto 
unempfindlicher  ist  die  Ladung.  Es  zeigt  sich,  daU  die  PBX,  die  mit  umkristallisiertem  HMX 
hergestellt  wurden,  deutlich  unempfindlicher  gegenuber  einer  Druckbeanspruchung  sind  als 
jene,  die  Original-HMX  enthalten.  Da  gleichzeitig  die  Dichte  der  Partikel  durch  die  Um- 
kristallisierung  zugenommen  hat,  ist  eine  Korrelation  der  Empfindlichkeit  mit  der  Partikel¬ 
dichte  moglich.  Nimmt  man  die  Dichte  als  MaB  fur  die  iimere  Qualitat  der  Kristalle,  so  laBt 
sich  diese  durch  eine  geeignete  Umkristallisation  deutlich  verbessem,  d.h.  die  Anzahl  der 
Fehlstellen  kaim  reduziert  werden,  wodurch  unempfindlichere  Ladungen  hergestellt  werden 
kdnnen.  In  weiteren  Tests  ist  zu  verifizieren,  ob  dieser  Zusammenhang  mathematisch  z.B. 
durch  eine  lineare  Abhangigkeit  beschrieben  werden  kann  und  ob  sich  fur  andere  engere  Sieb- 
fraktionen  ahnliche  Abhangigkeiten  finden  lassen.  Hierbei  ist  zu  erwarten,  daB  fiir  kleinere 
Partikel  der  kritische  Abstand,  ab  dem  es  zur  Detonation  kommt,  bei  gleicher  Partikeldichte 
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groBer  und  die  Ladung  dementsprechend  empfindlicher  wird  [8].  Umgekehrt  sollte  eine  mit 
groBeren  Partikeln  gefullte  Ladung  unempfindlicher  werden. 

6.  Zusammenfassnng 

In  diesem  Beitrag  konnte  gezeigt  werden,  daB  sich  Oktogen  in  verschiedenen  Losungsmitteln 
umkristallisieren  laBt.  Als  Losungsmittel  kamen  Cyclohexanon,  Dimethylformamid,  N- 
Methylpyrrolidon  und  Propylencarbonat  zum  Einsatz,  wobei  die  Kristallisation  bei  Verwen- 
dung  von  Cyclohexanon  durch  Verdampfen  des  Losungsmittels  und  bei  Verwendung  der  an- 
deren  Substanzen  durch  Abkiihlen  der  Losung  erreicht  wurde. 

Durch  Variation  der  ProzeBparameter  (Ruhrerform,  -drehzahl,  Abkiihlgeschwindigkeit)  ist  es 
gelungen,  daB  Ausgangsmaterial  hinsichtlich  der  Kristallform,  -grdBe  und  Oberflachenbe- 
schaffenheit  wesentlich  zu  verbessem.  Die  Empfindlichkeit  wurde  mittels  GAP-Tests  unter- 
sucht,  wobei  sich  heraus  stellte,  daB  das  in  Propylencarbonat  umkristallisierte  HMX  deutlich 
unempfindlicher  gegenUber  einer  Druckbelastung  war  als  das  Originalmaterial.  Fiir  das  unter 
verschiedenen  Bedingungen  aus  Propylencarbonat  umkristallisierte  HMX  ergaben  sich  zwar 
keine  signifikanten  Empfindlichkeitsunterschiede,  allerdings  laBt  sich  die  Empfindlichkeit  der 
PBX  mit  Hilfe  der  Dichte  der  eingesetzten  Kristalle  korrelieren.  Aus  den  Ergebnissen  Mt 
sich  ein  linearer  Zusammenhang  zwischen  dem  kritischen  Abstand  (MaB  fiir  die  Empfindlich¬ 
keit)  und  der  Partikeldichte  (MaB  fur  die  interne  Kristallqualitat)  postulieren,  wobei  zur  Be- 
statigung  weitere  Untersuchungen  erfolgen  miissen. 

7.  Verwendete  Formelzeichen 


a 

Aktivitat 

- 

c 

Konzentration 

kg/m^ 

D 

Diffiisionskoeffizient 

mVs 

k 

Geschwindigkeitskoeffizient 

m/s 

n 

Wachstumsexponent 

- 

r 

Wachstumsgeschwindigkeit 

kg/sm^ 

R 

universelle  Gaskonstante 

J/molK 

T 

absolute  Temperatur 

K 

5 

Grenzschichtdicke 

m 

P 

chemisches  Potential 

J/mol 

66  -  18 


8.  Literatur 

[1]  Fels,  G.;  Ewald,  G. 

Verringerung  der  KomgroBe  von  kristallinem  ExplosivstofF 
Patentschrift  DE  4200743  A1 

[2]  Heinemeyer,  K.;  Redecker,  K.;  Sassmannshausen,  U. 

Verfahren  zur  Herstellung  von  feinkomigem  Beta-Oktogen 
Patentschrift  EP  0246526  A1 

[3]  Gallagher,  P.M.;  Coffey,  M.P.;  Krukonis,  V.J. 

Gas  Anti-Solvent  Recrystallization  of  RDX:  Formation  of  Ultra-fine  Particles  of  a 
DifEcult-to-Comminuite  Explosive 
J.  Sup.  Fluids,  1992,  5,  130-142 

[4]  Mellor,  A.M.;  Wiegand,  D.A. 

Hot  spot  histories  in  energetic  materials 
Mat.  Res.  Soc.  Symp.  Proc.  296, 1993, 293 

[5]  Matz,  G. 

Ullmanns  EncyklopSdle  der  technischen  Chemie;  Band  2  (1972);  Seite  674 

[6]  Elwell,  D.;  Scheel,  H.J. 

High-Temperature  Solutions. 

Academic  Press,  London,  1975 

[7]  Stepanski,  M. 

Zur  Wachstumskinetik  in  der  Losimgskristallisation 
Dissertation  an  der  Universitat  Bremen,  1990 

[8]  van  der  Steen,  A. 

Shock  Wave  Interaction  with  Composite  Materials 
Journal  de  Physique  IV,  5,  1995, 107-118 


67-1 


RECRYSTALLIZATION  OF  HMX  WITH  COMPRESSED 
GASES  AS  ANTI-SOLVENT 
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Abstract 

A  ternary  system  consisting  of  cyclotetramethylene  tetranitramine  (octogen,  HMX) 
as  the  solute,  acetone  respectively  y-butyrolactone  as  solvents,  and  carbon 
dioxide  as  the  anti-solvent  was  used  to  investigate  the  formation  of  fine  particles 
with  the  GAS-process  as  well  as  the  influence  of  the  solvents  upon  the  particle 
morphology  under  the  same  operating  conditions.  The  precipitated  particles  were 
examined  by  infrared  radiation  spectroscopy  (IR),  laser  light  diffraction  and  light- 
optical  microscopy.  The  results  show  that  octogen  with  a  narrow  particle  size 
distribution  was  obtained.  The  crystals  are  of  the  same  modification  as  the  raw 
material  and  of  high  purity.  The  modification  and  the  particle  size  are  influenced 
by  the  solvent  used  for  the  recrystallization. 

Keywords:  carbon  dioxide,  anti-solvent,  fine  particles,  GAS-process 

introduction 

Compressed  gases  have  been  introduced  in  the  near  past  as  solvents  for 
extractive  applications.  On  industrial  scale,  the  decaffeination  of  coffee  beans  and 
the  extraction  of  hops  and  essential  oils  with  supercritical  carbon  dioxide  as 
solvent  were  employed. 

A  new  field  of  „non-extractive“  applications  of  compressed  gases  is  the  formation 
of  fine  particles  with  a  narrow  particle  size  distribution.  The  formation  of  solid 
particles  with  well-defined  properties,  i.e.  the  particle  size,  the  particle  size 
distribution,  the  particle  shape  and  free  of  solvent  inclusions,  is  of  great 
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importance  for  many  industrial  purposes.  It  is  possible  to  process  moderately 
solids  like  pharmaceuticals  or  energetic  materials  which  are  difficult  to  comminute 
due  to  their  sensitivity  to  mechanical  or  thermal  stresses.  The  characteristics  of 
compressed  gases  allow  to  vary  the  morphology  of  solid  particles  in  a  wide  range. 

Solids  which  are  insoluble  in  compressed  gases  can  be  processed  by  applying  the 
GAS  (Gas  Anti-Solvent)-process.  For  this,  a  high-compressed  gas  is  added  to  a 
solution  of  a  solid  in  an  organic  solvent.  The  GAS-process  is  based  on  the  ability 
of  a  high-compressed  gas  to  dissolve  in  and  expand  an  organic  solvent  at 
moderate  pressures  and  temperatures.  Due  to  the  dissolution  of  the  compressed 
gas,  the  expanded  solvent  has  a  lower  solvent  capacity  towards  the  solute.  The 
complete  miscibility  of  the  organic  solvent  with  the  compressed  gas  is  the  basic 
requirement  for  applying  these  anti-solvent  techniques.  Additionally,  it  is  required 
that  the  compressed  gas  has  no  solvent  power  towards  the  solid  to  be  crystallized. 
Diverse  applications  have  been  reported,  e.g.  the  purification  and  comminution  of 
the  energetic  materials  cyclonite  (RDX) '  and  nitroguanidine  (NQ)  the  separation 
and  purification  of  (J-carotene  ^  and  the  comminution  of  proteins 

Materials  and  Methods 

Materials 

Cyclotetramethylene  tetranitramine  (octogen,  HWIX)  was  used  to  investigate  the 
formation  of  micron  particles  by  using  compressed  gases  as  anti-solvent.  The 
modification  that  is  obtained  depends  on  the  solvent  used  for  recrystallization 
processes.  For  example,  acetone  and  y-butyrolactone  yield  the  desired  R-form. 
Both  were  taken  as  solvents  to  find  out  how  the  morphology  of  the  recrystallized 
particles  is  influenced  by  using  different  solvents,  but  keeping  the  process 
parameters  (pressure,  temperature)  constant.  Carbon  dioxide  was  used  as  anti¬ 
solvent.  It  is  not  toxic,  not  flammable,  easy  available  and  has  low  critical 
parameters  (critical  pressure  po  =  7,38  MPa,  critical  temperature  Tc  =  304,5  K). 
HMX  is  sparingly  soluble  in  supercritical  carbon  dioxide,  even  when  a  modifier  is 
added  ®. 
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Methods 

The  experimental  setup  of  the  GAS-process  is  illustrated  in  Figure  1.  The 
apparatus  consists  of  three  sections:  the  C02-supply  unit,  the  crystallization  vessel 
with  a  sinter  metal  filter  inside  (mean  pore  size  =  0.1  pm)  and  the  separator  for  the 
separation  of  the  solvent  and  the  anti-solvent.  The  CO2  coming  from  the  supply 
bottle  is  liquified  in  the  heat  exchanger  W1  and  is  stored  in  the  tank  LR.  To  avoid 
cavitation  in  the  pump,  the  CO2  is  undercooled  (W2)  and  afterwards  heated  up  to 
process  conditions  (W3).  The  solution  of  solvent  and  solid  is  put  into  the 
crystallization  vessel.  In  the  following,  CO2  is  let  in  up  to  the  desired  pressure, 
preferably  from  the  bottom  to  achieve  a  better  mixing  of  solvent  and  anti-solvent. 
After  a  holding  time  CO2  is  supplied  via  the  top  of  the  crystallization  vessel, 
keeping  the  pressure  at  the  same  level  as  before,  to  wash  and  clean  the 
precipitated  particles,  while  the  mixture  of  solvent  and  CO2  flushes  into  the 
separator  to  be  separated  by  pressure  reduction. 


crystallization  vessel 


FIGURE  1 :  Flowsheet  of  the  experimental  setup. 

All  experiments  were  carried  out  at  p  =  8  MPa  and  T  =  313  K.  Under  these 
conditions,  the  expansion  of  the  solvents  used  for  this  process,  i.e.  the  dissolution 
of  carbon  dioxide  in  the  solvents,  is  sufficient  to  lower  the  solvent  capacity  that 
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HMX-particles  are  precipitated  ®.  The  amount  of  HMX  dissoived  in  the  solvents 
was  2  g  / 100  g  solvent.  The  solubility  of  HMX  is  in  acetone  2,8  g  /  lOOg  soivent 
and  in  y-butyrolactone  15  g  /  100  g  soivent  at  313  K.  The  pressure  in  the 
crystallization  vessei  was  constantly  built  up  within  60  seconds.  After  having 
reached  the  desired  pressure,  the  system  was  aliowed  to  sit  for  about  10  minutes 
to  ensure  equilibrium.  The  washing  procedure  was  conducted  for  0,3  hours  at  the 
same  pressure  and  temperature  level  as  for  the  precipitation  step. 

The  degree  of  saturation  of  a  soiution  has  an  effect  on  the  morphoiogy  of  the 
recrystailized  particles.  As  it  can  be  seen  in  Figure  2,  the  pressure,  needed  to 
reach  that  supersaturation  that  nucleation  occurs,  depends  on  the  soiid 
concentration  in  the  soiution.  Generally,  higher  temperatures  request  higher 
pressures  for  the  onset  of  nucleation  at  the  same  degree  of  saturation.  The  time 
to  buiit  up  the  pressure  as  weli  as  the  degree  of  supersaturation  aiso  effect  the 
number  of  the  nuciei  and  the  growth  of  the  precipitated  particies.  For  the  chosen 
operating  conditions  which  are  kept  constant  for  both  solvents  as  described 
before,  it  is  expected  that  the  morphology  of  the  precipitated  particies  will  vary  due 
to  the  different  solvent  capacity  of  the  two  soivents  towards  HMX,  This  means  that 
the  supersaturation  of  the  HMX  -  acetone  solution  is  higher  in  comparison  to  the 
HMX  -  y-butyroiactone  solution. 


FIGURE  2:  Qualitative  course  of  the  pressure  -  concentration  isotherms  for  the 
beginning  of  nucleation 
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Results  and  Discussion 

First  of  all,  investigating  the  precipitated  HMX  particles,  the  most  important 
question  was  if  the  crystals  are  of  the  same  modification  as  the  raw  material.  For 
this  purpose,  infrared  radiation  spectroscopy  (IR)  was  used  to  examine  the 
chemical  structure  and  the  purity  of  the  received  particles  compared  to  the  raw 
material.  The  results  of  the  IR-spectroscopy  are  shown  in  Figure  3  and  4. 


FIGURE  3:  IR-spectroscopy  of  raw  B-HMX. 


FIGURE  4:  IR-spectroscopy  of  HMX  recrystallized  from  acetone  and  y- 
butyrolactone. 
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The  absorption  spectra  of  the  raw  HMX  and  the  recrystallized  HMX  coincide.  They 
correspond  to  the  spectra  of  (J-HMX  as  described  by  Bedard  et  al.  ^  .  Due  to  the 
resolution  of  the  IR-spectrometer,  it  can  be  assumed  that  the  pollution  of  the 
particles  by  solvent  residues  is  less  than  1  %. 

The  particle  size  and  the  particle  shape  were  determined  by  laser  light  diffraction 
respectively  by  light-optical  microscopy.  The  following  figures  show  the  results  in 
comparison  to  the  raw  material. 


FIGURE  5;  Volume  sum  distribution  Qsfx). 

For  raw  p-HMX,  the  mean  volume  diameter  Xso.s  =  200  pm;  for  p-HMX  from 
acetone,  Xso.s  =  65  pm;  for  p-HMX  from  y-butyrolactone,  Xgo.s  =  90  pm.  It  has  to  be 
considered  that  the  particle  size  distribution  of  p-HMX  from  y-butyrolactone  is 
more  spread  compared  to  the  distribution  of  p-HMX  from  acetone.  The  raw 
material  has  the  broadest  size  distribution. 
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FIGURE  8:  Light-optical  microscopy  of  p-HMX  from  y-butyrolactons. 


Note  that  the  figures  are  on  the  same  scale.  The  pictures  give  an  impression  of 
the  particle  size  reduction  received  by  the  GAS-recrystallization.  The  particles 
precipitated  from  acetone  are  more  regular  shaped  and  of  more  uniform  size  than 
the  particles  from  y-butyrolactone.  It  is  noticed  that  long,  rectangular  crystals 
appear  when  y-butyrolactone  was  used  as  solvent. 

Maintaining  process  conditions  (amount  of  HMX  in  the  solution,  pressure, 
temperature  and  time  to  built  up  pressure),  the  supersaturation  gained  is  different 
for  the  two  solvents  due  to  their  different  solvent  capacity  towards  the  solid.  The 
supersaturation  for  the  HMX  -  y-butyrolactone  solution  is  high  enough  to  start 
nucleation.  But,  for  the  HMX  -  acetone  solution,  the  rate  of  nucleation  is  higher 
due  to  the  higher  supersaturation.  The  nuclei  grow  until  the  solution  is  depleted  of 
the  solute,  and,  due  to  the  larger  number  of  nuclei,  smaller  and  more  regular¬ 
shaped  particles  are  formed  in  comparison  to  the  HMX  -  y-butyrolactone  solution. 

Conclusion 

The  GAS-process  is  well  suited  for  the  formation  of  solid  particles  which  are 
difficult  to  handle  due  to  their  sensitivity  towards  thermal  and  mechanical  stresses. 
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The  operation  conditions  are  moderate  with  regard  to  pressure  and  temperature  if 
carbon  dioxide  is  used  as  anti-solvent.  Carbon  dioxide  itself  is  non-toxic,  not 
flammable  and  easy  available. 

The  morphology  of  the  precipitated  particles  is  influenced  by  the  solvent  used  for 
recrystallization.  The  supersaturation  that  is  reached  depends  on  the  solid 
concentration  in  the  solution  and  the  pressure  in  connection  with  the 
corresponding  temperature,  but  the  time  to  built  up  the  pressure  within  the 
crystallizer  also  influences  the  nucleation  and  the  growth  of  the  particles.  The 
obtained  particles  are  of  high  purity,  probably  due  to  the  mechanism  of  nucleation 
and  particle  growing. 
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PROPERTIES  OF  SPRAY-DRIED  BORON/POTASSIUM  NITRATE  GRANULAR 

Katsuhiko  TAKAHASHI,  Nobukazu  ASANO  and  Koji  OCHI 
NOF  Corporation 

61-1  Kitakomatsutani,  Taketoyo,  Chita-gun,  Aichi  470-23,  Japan 

ABSTRACT 

In  this  report,  we  will  describe  the  outline  of  our  developed  spray-dried  process  to 
manufacture  Boron/Potassium  Nitrate  granular,  the  safety  countermeasure  which  we  have 
introduced  in  this  process  and  the  properties  of  the  product  manufactured  by  this  process. 

The  advantages  of  the  use  of  spray-dry  process  to  manufacture  Boron/Potassium  Nitrate 
granular  are  mainly;  1)  High  productivity  and  low  manufacturing  cost,  2)  Perfect  remote 
control  process,  3)  Consistency  of  properties  and  performance  and  4)  Easy  recycling. 

However,  it  should  be  noticed  that  the  above  advantages  will  be  available  when  the 
manufacturing  conditions  are  appropriate  and  well-controlled.  The  important  safety 
countermeasures  in  this  process  are;  1)  Prevention  of  Boron/Potassium  Nitrate  to  stick  on  the 
inner  wall  of  drying  chamber  duct,  cyclone,  etc.,  2)  Control  of  the  electric  field  inside  the  drying 
chamber  by  real-time  sensor,  and  3)  Installation  of  an  appropriate  expansion  vent  for  pressure 
release. 

The  Boron/Potassium  Nitrate  granular  manufactured  by  spray-dried  process  has  good  free¬ 
flow  property,  sufficient  calorific  value  and  mild  burning  performance.  These  characteristics  are 
suitable  to  ignite  various  gas  generating  formulations. 

1.  INTRODUCTION 

Boron/Potassium  Nitrate  (hereinafter  called  "BKN03")  granular  is  popularly  used  as  booster 
in  many  type  of  inflators,  usually  placed  between  squibs  and  gas  generants  or  charged  into  the 
squibs,  to  ignite  the  gas  generants  with  predetermined  output  rate  at  wide  range  temperature 
conditions.  BKN03  is  a  well  known  ignitor  composition  and  many  companies  have  been 
manufacturing  this  composition  for  many  years.  The  conventional  manufacturing  process  for 
BKN03  granular  is  a  batch  process  and  basically  consists  of  four  processes,  namely,  blending, 
granulation,  sieving  and  drying,  which  process  requires  much  manpower.  In  addition,  the 
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conventional  process  is  hard  to  increase  the  batch  size  because  of  BKNOS's  high  sensitivity  and 
its  violent  burning  characterlstic^l  From  those  reasons,  the  BKN03  granular  manufactured  by 
the  conventional  process  is  quite  difficult  to  drastically  reduce  the  cost. 

In  recent  years,  many  different  azide  free  gas  generating  formulations  have  been  developed  to 
replace  the  azide  based  formulations.  Those  azide  free  formulations  are  generally  hard  to  ignite 
compared  with  the  azide  based  formulations.  It  is  considered  that  the  mild  burning  property  of 
BKN03,  which  means  the  slower  burn  rate  with  sufficient  calorific  output,  will  help  the  azide 
free  formulations  to  be  Ignited  within  the  prescribed  time  frame. 

Therefore,  for  customer’s  satisfaction,  the  development  program  to  manufacture  BKN03 
granular  by  spray-dry  process  has  been  completed  in  accordance  with  four  steps;  1)  Testing  by 
mini-spray-dryer,  2)  Full  size  spray  test  with  dummy  formulation,  3)  Process  hazard  evaluation 
and  4)  Full  size  test  production. 

This  paper  describes  the  outline  of  our  developed  spray  dry  process  to  manufacture  BKN03 
granular,  the  safety  countermeasures  which  we  have  introduced  in  this  process  and  the 
properties  of  the  product  manufactured  by  this  process. 

2.  ADVANTAGES  OF  SPRAY-DRY  PROCESS  TO  MANUFACTURE  BKN03 
The  flow  chart  of  spray-dry  process  to  manufacture  BKN03  granular  is  shown  in  Fig.l.  This 
process  consists  of  two  step;  1)  Preparation  of  homogeneous  water  slurry  and  2)  Spray  dry 
process  and  BKN03  granular  will  be  manufactured  automatically. 

There  are  mainly  four  advantages  of  the  use  of  spray-dried  process  to  manufacture  BKN03 
granular. 

a)  High  productivity  and  low  manufacturing  cost 

In  spray-dry  process,  the  productive  capacity  is  generally  20  to  100kg  per  hour  at  dried 
product  base.  In  this  process,  it  is  necessary  for  only  few  operator  to  supervisory  control  the 
process.  In  addition,  raise  of  the  lot  size  will  be  able  to  reduce  not  only  the  cost  of  quality 
assurance  tests  in  the  manufacturers  but  also  the  cost  of  lot  acceptance  tests  in  the  customers. 

b)  Perfect  remote  control 

By  isolating  the  drying  chamber  in  an  explosion  proof  room,  and  by  controlling  all  the  process 
conditions  from  the  outside  of  this  room,  the  operator  is  free  from  any  injuries  even  if  the  worst 
should  happen. 
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B/KNOa 

Product 


Fig.  1  Flow  Chart  of  Spray-Dry  Process 
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c)  Consistency  of  properties  and  performances 

A  skilled  hand  is  not  necessary  to  run  the  spray  dry  process.  Because  the  BKN03  granular  will 
be  manufactured  automatically,  the  inside  lot  variability  and  the  lot  between  variability  will  be 
smaller  than  the  conventional  processes  if  the  spray  drying  conditions  are  fully  controlled. 

d)  Easy  recycling 

In  the  conventional  processes,  a  binder  (i.e.  polyester  resin,  nitrocellulose  or  "vlton")  should 
be  added  to  make  a  favorable  BKN03  granular.  On  the  other  hand,  a  binder  is  not  necessary  in 
spray  dry  process  because  potassium  nitrate  dissolved  in  water  slurry  will  function  as  binding 
agent  when  it  recrystallize  during  the  drying  process.  Therefore,  it  is  easy  to  recycle  the 
BKN03  granular  or  the  powderized  BKN03  produced  by  spray  dry  process.  The  spray  dried 
BKN03  will  again  form  a  homogeneous  water  slurry  if  the  slurry  is  mixed  by  an  appropriate 
mixing  machine  with  some  water.  The  product  manufactured  by  using  the  recycled  materials 
also  shows  the  same  properties  and  performances  as  the  produet  manufaetured  by  using  the 
virgin  materials. 

3.  SAFETY  COUNTERMEASURES 

As  a  result  of  process  hazard  evaluation,  we  may  conclude  that  a  considerable  origin  for 
unexpected  ignition  during  spray  dry  process  will  be  an  electrostatic  discharge.  The  possibility 
of  unexpected  ignition  caused  by  mechanical  force  (impact,  friction)  or  thermal  decomposition 
of  BKN03  have  also  been  evaluated,  the  results  of  which  evaluation  suggests  that  those  causes 
will  never  be  a  major  factor  of  an  unexpected  ignition. 

3.1  ELECTROSTATIC  SENSITIVITY  OF  BKN03 

The  electrostatic  sensitivity  of  BKN03  in  various  conditions  have  been  measured  in 
accordance  with  the  test  method  determined  by  Research  Institute  of  Industrial  Safety,  Ministry 
of  Labour,  Japan.  The  sensitivity  of  BKN03  dust  were  measured  with  1.2  liters  explosion 
chamber  (Hartmann  type)  at  various  concentration  level.  And  the  sensitivity  of  BKN03  layer 
were  measured  with  a  few  milligrams  quantity  at  various  discharging  resistance.  The  data  are 
summarized  in  Fig.2. 

The  sensitivity  of  BKN03  layer  is  rather  higher  than  the  sensitivity  of  BKN03  dust.  This  fact 
means  that  the  prevention  of  BKN03  to  stick  on  the  inner  wall  of  the  drying  chamber,  duct, 
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Fig.2  Electrostatic  Sensitivity 
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Fig.3  Dust-specific  characteristic 
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cyclone,  etc.  should  be  one  of  the  important  safety  countermeasures  to  run  the  spray  dry 
process  with  safe.  To  prevent  this  sticking  phenomenon,  the  below  items  should  be  well 
controlled  during  the  process. 

a)  Temperature  of  drying  air 

b)  Blowing  rate  of  drying  air 

c)  Supplying  rate  of  BKN03  slurry 

d)  Water  content  of  BKN03  slurry 

e)  Atomizing  conditions  of  BKN03  slurry 

3.2  ELECTRIC  FIELD  INSIDE  THE  DRYING  CHAMBER 

It  is  very  hard  to  suppress  the  yield  of  static  electricity  in  spray  dry  process  because  the  slurry 
should  be  atomized  anyway  by  nozzles  or  disks,  and  as  the  result  of  this  atomization,  the 
charged  particles  will  spread  inside  the  drying  chamber  to  form  a  charged  cloud  (just  like  a 
small  thundercloud). 

The  basic  point  to  maintain  the  spray  dry  process  with  safe  is  to  keep  the  energy  level  of  this 
charged  cloud  lower  than  the  electrostatic  sensitivity  of  BKN03.  The  charged  energy  can  be 
estimated  by  monitoring  the  electric  field  of  the  drying  chamber  using  the  below  equation^. 

f 

W=  £0/2  S  oE'*4  r'dr 
=  £  „/2  S  0  (r  P/3  £  0)^*4  K  r^dr 

=  2  TT  p  "  rW45  £  0  (1) 

where  £  0  is  vacuum  dielectric  constant  (£  „=8.854xlO  ‘^F/m),  r,  the  relative  radius  of  the 
drying  chamber  (V=4/3  K  r^  where  V  is  the  volume  of  the  drying  chamber),  E,  the  electric  field 
inside  the  drying  chamber,  and  p,  the  electric  charge  density  inside  the  drying  chamber. 

If  the  level  of  E  is  monitored  by  real  lime  sensor,  the  level  of  p  can  be  estimated  by  the  law 
of  Gauss  ( p=3  £  oE/r),  and  then,  the  level  of  W  can  be  estimated  by  the  equation  (1),  which 
level  should  be  controlled  much  lower  than  the  minimum  ignition  energy  of  BKN03. 
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3.3  EXPLOSION  VENT  FOR  PRESSURE  RELEASE 

An  appropriate  explosion  vent  should  be  installed  for  the  pressure  release  of  the  drying 
chamber  to  make  provision  in  case  the  worst  should  happen.  The  required  vent  area  can  be 
obtained  from  the  following  equation^'  *^. 

A=(a)[V“][Kstf[Pred]'  (2) 

where: 

a  =  0.000571exp(2Pstat) 

b  =  0.978exp(0.105Pstat) 

c  =  0.687exp(0.226Pstat) 

and  A  is  vent  area(  m^),V,  enclosure  volume(m’),  Pred  ,  maximum  pressure  developed  during 
ventlng(  bar  gauge),  Pstat,  vent  closure  release  pressure(  bar  gauge)  and  Kst,  dust  specific 
characteristic(bar  •  m/sec)’'*'. 

It  must  be  noticed  that  the  value  of  Kst  for  BKN03  is  not  constant,  which  fact  is  different 
from  many  other  inflammable  powders.  Kst  at  various  BKN03  concentrations  was  measured  by 
ASTM-E  1226:Standard  test  method  tor  pressure  and  rate  of  pressure  rise  for  combustible  dust 
with  30  litters  spherical  tank.  Fig.3  shows  the  experimental  Kst  data  at  various  BKN03 
concentrations.  Considering  the  process  conditions,  the  appropriate  BKN03  concentration 
should  be  estimated  to  determine  the  proper  Kst,  and  then,  the  required  vent  area  can  be 
calculated  by  the  equation  (2). 

4.  PROPERTIES  AND  PERFORMANCES 

Fig.4  shows  a  typical  SEM  photograph  of  spray  dried  BKN03.  The  shape  of  granular  is 
almost  spherical,  which  fact  is  important  to  obtain  a  free  flow  property  even  though  the  average 
particle  size  of  the  granular  is  less  than  100  microns. 

Table  1  shows  the  main  properties  of  spray  dried  BKN03,  which  properties  are  comparable 
with  the  conventional  ones. 

One  of  the  unique  features  of  spray  dried  BKN03  compared  with  the  conventional  BKN03  is 
its  mild  burning  performance.  Fig.5  shows  the  comparison  of  burning  characteristic  evaluated 
with  150cc  closed  bomb  testing.  In  this  test,  15  grams  BKN03  was  used  and  ignited  by 
Platinum  wire,  and  then  Pressure-time  curves  was  measured.  The  spray  dried  BKN03  showed 
the  better  ignitability  than  the  conventional  one,  however,  the  quickness  of  spray  dried  BKN03 
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Fig.4  SEM  photograph  of  spray-dried  BKNO3 
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Fig.5  150cc  Closed  Bomb  Data 
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is  lower,  and  as  the  results  of  these  characteristics,  the  time  to  Pmax  are  almost  the  same.  Here, 
the  quickness  was  defined  as  the  time  from  0.1  Pmax  to  0.9  Pmax.  The  cause  of  these 
differences  is  not  sure  at  this  time,  however,  we  are  considering  that  the  presence  of  binding 
agent  or  the  difference  of  the  real  particle  size  of  potassium  nitrate  (because  of  the 
recrystallization  in  spray  dry  process)  will  be  the  main  cause  of  these  differences. 

Fig.6  and  Fig.7  show  the  performance  of  driver  inflator  with  60  liters  tank  at  -40°C.  There  was 
no  difference  of  inflator  performance  between  spray  dried  BKN03  and  the  conventional  one 
when  the  eharged  gas  generant  was  azide  based  formulation  (Fig.6).  On  the  other  hand,  spray 
dried  BKN03  showed  the  better  inflator  performance  when  the  charged  gas  generant  was  azide 
fi'ee  based  formulation  (Fig.7).  Those  data  demonstrate  that  spray  dried  BKN03  which  has 
mild  burning  characteristic  is  more  suitable  than  the  conventional  one  to  ignite  azide  fi'ee  based 
formulations.  In  other  words,  the  mild  burning  characteristic  should  be  a  good  characteristic  to 
ignite  the  formulations  which  has  poor  ignitability  such  as  azide  free  based  formulations. 

5.  UN  CLASSIFICATION 

U.S.DOT  has  certified  our  BKN03  as  Propellant,  Solid  (UN  number:0499)  and  for 
classification  as  Explosive  1.3C  in  accordance  with  Sections  172.101,173.59  of  U.S.DOT 
Hazardous  Materials  Regulations. 

In  addition,  120  gramsAwx  (with  special  packaging)  of  our  BICN03  has  been  certified  by 
U.S.DOT  as  Articles,  explosive,  n.o.s.  (UN  number:0471)  and  classified  as  Explosive  1.4E, 
which  enable  us  to  ship  the  material  by  air.  We  hope  this  classification  will  help  our  customers 
to  receive  the  sample  quickly  for  their  evaluation. 

6.  NEW  SPRAY-DRIED  BKN03  GRANULAR 

By  means  of  particle  size  control  of  BKN03  and  virgin  potassium  nitrate,  a  kind  of  additives 
and  so  on,  spray  dry  process  will  be  able  to  control  burning  characteristic  .  The  development 
program  of  new  BKN03  granular  with  more  mild  burning  performance  has  been  started. 

Table  2  shows  an  example  of  burning  characteristics  of  new  BKN03  granular.  Modified  1 
includes  a  new  additive,  aluminum  and  potassium  perchlorate  is  mixed  in  Modified  2,  and 
Modified  3  uses  new  grade  of  boron.  The  quickness  of  Modified  3  is  about  5  times  lower  than 
that  of  conventional  BKN03.  This  means  that  the  use  of  spray  dry  process  to  manufacture 
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■Gas  Generant  Formulation  NaN3/Mn02/Additives=58/34/8 
■Pellet  Size  Diameter=7mm,Thickness=5mm 


Fig.6  Inflator  Performance  (60L  Tank  Test[-40‘t:]) 
with  Azide  based  Gas  Generant 


■Gas  Generant  Formulation  HDCA/KCLOVKNO3/Additives=27/60/8/5 

rHDCA;Hydrazodicarbonamide) 

■Pellet  Size  Diameter=6ram,ThicKness=2mm 

Fig.7  Inflator  Performance  (60L  Tank  Test[-40‘t)]) 

with  Azide  free  Based  Gas  Generant 
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Table  1  Properties  of  Spray-dried  BKNO3 


Testing 

Results 

Impact  Sensitivity 

50cm  height  with  5kg  hammer 

Friction  Sensitivity 
(BAM  Method) 

more  than  36kgf 

DSC  Decomposition  Temp. 

more  than  510°C 

Detonation  Test 
(^35mm  Steel  tube) 

Detonation  not  occurred 

Aging 

(107°C-400hrs) 

Weight  loss:  less  than  0.1% 

Heat  of  Explosion 
•Linder  latm  argon  gas 
•Under  20atm  argon  gas 

more  than  1600cal/g 
more  than  1450cal/g 

Apparent  Density 

between  0.85~1.05g/ml 

Table  2  An  Example  of  Bumiing  Characteristics  of  new  BKNO3  granular 


Type  of  BKNO1 

Convwntional  BKNO, 

3.1 

Current  Spray-dried  BKNO, 

5.1 

Modifiedlfincluding  a  new  additives) 

8.4 

Modified2(including  alminium  and 

Potassium  perchlorate) 

11.1 

Modilied3(including  new  grade  of  boron) 

14.7 
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BKN03  will  be  able  to  supply  BKN03  granular  with  several  kind  of  mild  burning 
characteristics  to  the  customers.  This  characteristics  is  suitable  to  ignite  various  gas  generating 
formulations. 

7.  CONCLUSION 

BKN03  can  be  manufactured  by  spray  dry  process  with  safe  if  some  appropriate 
countermeasures  have  been  taken.  The  BKN03  manufactured  by  spray  dry  process  has  almost 
the  same  properties  as  the  conventional  ones.  It  was  found  that,  although  the  spray  dried 
BKN03's  burning  characteristic  is  more  moderate  than  the  eonventional  ones,  inflator 
performances  were  comparable  or  better. 
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RADIATION  PROTECTIVE  AND  RADIATION  RESISTIVE  MATERIALS 

Natalija  Kalinina 

Dniepropetrovsk  State  University,  Ukraine, 

320625  Dniepropetrovsk,  Nauchny  st.,  13 

It  was  developed  the  new  superdisperse  modificators  on  the  base  of  carbides  nitrides  various  metals 
for  obtaining  radiation  protective  and  resistive  materials. 

The  problem  of  creation  of  radiation-protective  and  radiation-protective  and  radiation-proof 
materials  is  connected  with  forming  a  super-fine  substructure  in  the  process  of  their  creation. 

It  can  be  obtained  while  utilizing  special  dispersive  and  ultra-dispersive  powders  of  various 
materials  and  their  compounds. 

On  the  basis  of  study  of  adsorbent,  crystallographic,  phase,  electromagnetic  and  other 
characteristics  of  different  powder-like  systems  we  have  created  new  highly  effective 
compounds-modifiers  (NiAl,  AIN,  TiCN,  Ni-Co,  BV,  Ni-V,  SiC,  WC,  VC,  MgSi  and  others) 
of  ultradispersive  kind  with  a  particle  size  =  10... 50  nm  (100.. .500  A)  for  obtaining  radiation- 
protective  and  radiation-proof  materials.  Carbides,  inter-metalloids,  silicids,  nitrides  and 
other  compounds  of  the  created  chemical  structure  and  the  proper  size-and-crystallographic 
form  were  synthesized  in  special  high-frequency  plasmochemical  plants  utilizing  waste 
products  of  ferroalloys,  titanic-magnesium,  chemical,  carbon  and  silicon-polymeric 
industries. 

To  generate  plasma  in  plasmochemical  plants  we  used  whirlwind  induction  plasmotrons  with 
gas  stabilized  discharge. .Initial  powder-like  materials  measured  out  in  doses  were  put  in  the 
zone  of  nitrogen  plasma  flow  the  temperature  of  which  was  5500...7500  K.  As  the  result  the 
materials  got  heated,  melted  and  evaporated  and  came  into  appropriate  chemical  interaction. 
The  synthesized  gas-powder  mixture  from  the  plasmochemical  reactor  passed  through  heat 
exchangers  into  a  catching  chamber  and  further  through  a  plating-protective  system  into  a 
removable  container.  Among  well-down  methods  of  obtaining  ultra-dispersive  powders,  such 
as  :  dispersion,  grinding,  electrolysis  and  decomposition  of  metal  solts  including  those  using 
explosions;  emanation  and  thermoblow  only  plasmochemical  synthesis  allows  not  only 
synthesizing  of  compounds  with  optimum  structure  and  form,  but  also  their  output  on  a 
large  industrial  scale  in  automated  and  computerized  plants. 

Obtaining  of  plasmochemical  ultra-dispersive  compounds  is  conditioned  by  high 
speed  volumetric  condensation  of  gasoplasmic  flow  which  results  in  unstable  state  of  ultra- 
dispersive  particles  /1-3/  :  a  particle  has  smaller  parameters  of  its  crystalline  lattice  then 
massive  samples  of  the  same  chemical  composition  and  we  can  find  amorphous  formations 
/4/;  in  the  particle  itself  we  can  observe  lattice  parameters  decreasing  from  the  centre  to  the 
surface  due  to  maximum  compression  of  the  surface  layer.  This  results  in  inhomogeneous 
arrangement  of  components  and  phases  in  the  particle  radius  direction. 

Turning  of  the  material  into  ultra-dispersive  state  with  the  size  of  particles  being 
decreased  causes  a  steep  ride  in  adsorbent  and  catalytic.activity  of  the  system  since  a  share  of 
surface  in  a  particle  volume  considerably  increases  (picture  1,  curves  1-3). 
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Size  of  particles,  nm 

Picture  1.  The  influence  of  a  particle  size  upon  the  value  of  specific  surface  (l-Ti(CN),  2-WC, 
3-NiAl)  and  surface  energy4. 


A  steep  increase  in  surface  energy  while  particles  is  turning  into  ultra-dispersive  state 
(picture  1,  curve  4)  and  a  change  in  thermodynamic  conditions  of  phase  balances  result  in  the 
following  phenomena  emerging  en  ultra-dispersive  systems:  high  temperature  super¬ 
conductivity  /3/,  super-paramagnetic  and  amorphous  state  /3-4/,  temperature  shifts  in  phase 
transformations,  and  finally  a  considerable  increase  in  oxidizing  processes. 

Ultra-dispersive  powders  are  good  hetteras,  materials  with  a  developed  free  surface 
capable  of  chemical  adsorption  and  adhesion  and  at  the  same  time  inclined  to  aggregating  in 
vacuum  and  neutral  medium  as  well  as  to  oxidation.  These  peculiarities  made  it  difficult  to 
utilize  ultradispersive  compounds  in  the  process  of  smelting  of  radiation-proof  and  obtaining 
radiation-protective  materials.  As  the  result  of  oxidation  and  diffusion  of  admixtures  the 
clean  active  surface  of  particles  is  rapidly  covered  by  an  absorbed  layer  which  considerably 
decreases  protective  characteristics  of  ultra-dispersive  powders  in  radioactive  irradiation. 
Therefore  in  the  process  of  obtaining  of  radiation-protective  powders  the  dominating  role 
belongs  to  the  task  of  saving  clean  the  surface  with  high  adsorbent  and  catalytic  activity.  In 
this  case  only  ultra-dispersive  compounds  put  into  melt  will  act  as  centers  of  crystallization 
during  hardening  of  smelted  radiation-proof  materials. 

As  a  result  of  the  carried  out  researches  we  have  developed  and  assimilated  a  method 
of  double-plating  of  ultra-dispersive  powders  with  covering  the  processed  surface  with 
particles  of  a  micro-layer  of  solid  carbons  of  methane  row  151.  Unlike  non-plated  ultra- 
dispersive  powders  plated  ones  can  be  kept  in  non-hermetic  capacities  for  a  long  time  /picture 
21. 
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Picture  2.  Influence  of  time  of  keeping  an  ultra-dispersive  modifier  in  non-hermetic  capacities 
upon  its  oxygen  content. 

1  -  non-plated 

2  -  plated 

Radioactive  irradiation  essentially  changes  material’s  structure  and  characteristics. 
The  basic  consequences  of  radiation  are  gas  and  vacancy  intumescence  of  space  and  nuclear 
materials  accompanied  by  an  essential  change  in  sizes,  warping,  cracking  and  destruction  of 
airspace  goods.  Cosmic  irradiation  consists  mostly  of  high  energetic  charged  particles 
(electrons,  protons)  damaging  a  surface  layer  of  materials.  Apart  from  ordinary  damages 
beating  atoms  out  and  their  taking  away  from  the  surface  of  spaceships  acquire  great 
importance  in  high  vacuum  conditions. 

In  the  created  radiation-proof  materials  obtained  with  plasmochemically  synthesized 
ultra-dispersive  compounds  being  utilized  in  the  process  of  smelting  we  can  not  find 
anisotropy  of  characteristics  and  can  observe  a  balanced  fine-grained  structure.  They  in  less 
degree  change  their  mechanic  and  anti-friction  characteristics  and  thermal-and 
elertroconductivity  then  currently  used  materials.  Ultra-dispersive  carbon  in  a  solid  solution 
restrains  intumescence  of  nickels  and  other  alloys  of  Fe-Cr-Ni  system  and  extends  a 
transition  period.  The  assumed  mechanism  of  carbon  atoms  activity  in  a  solid  solution  is 
their  being  traps  for  point  defects. 

Carbon  takes  active  past  in  the  processes  of  capture  of  point  defects,  diffusion, 
segregation  and  dissociation.  The  optimum  carbon  concentration  in  austenite  kinds  of  steel  is 
to  be  within  the  limits  of  0,5.. .0,08%.  Ultra-dispersive  boron  carbide  has  the  effect  similar  to 
that  one  of  carbon.  When  in  a  solid  solution  boron  restrains  the  development  of  porosity  in 
austenite  kinds  of  steel  and  fusions  of  Fe-  C-Ni.  The  usage  of  the  materials  smelted  with 
addition  of  ultra-dispersive  powders  of  boson  carbide,  vanadium  carbide  and  wolfram  allows 
to  save  such  expensive  materials  as  molybdenum,  zirconium,  vanadium,  niobium. 

Rare  earth  metals,  lead,  various  compounds  of  barium  are  used  as  the  materials  for 
protection  against  X-radiation.  They  are  applied  for  common  and  individual  protection. 
Protective  screens  are  made  on  their  basis.  Nevertheless,  the  effectiveness  of  their  protection 
combines  with  the  essential  technological  technological  difficulties  of  manufacturing,  with 
the  large  weight  of  goods  and  toxicity. 

After  carrying  out  investigations  of  the  materials  containing  particles  of  the  size  less 
than  100  nm  (1000  A®)  it  was  determined  that  some  metals  and  their  compounds  reveal  their 
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aptitude  for  intensive  absorbing  of  X-radiation  (3-5  times).  The  compounds  of  wolfram, 
vanadium,  boron  and  other  elements  are  referred  to  such  compounds. 

The  difference  in  the  output  work  of  the  various  crustallographic  facets  of  ultra  - 
dispersive  particles  attains  lev.  This  entails  regulating  by  the  crystallographic  orientation  in 
the  system  of  interacting  particles.  The  level  of  the  regulated  orientation  depends  on  the  scale, 
mutual  disposition  of  the  particles  and  characteristics  of  the  surrounding  materials. 
Dispersion  of  the  X-rays  upon  the  inner  surface  of  ultra-dispersive  particles,  coherent 
dispersion  upon  the  particles  themselves  and  diffractive  effects  on  the  conglomeration  of 
particles  lead  to  the  increase  of  protons  optical  length.  Correspondingly,  photoabsorbing  of 
X-radiation  in  the  ultradispersive  compounds  of  the  developed  structure  and  crystallographic 
form  grouse  abruptly  too. 

It  is  possible  to  solve  not  only  important  problems  of  the  vital  activity  in  the  space, 
but  also  create  conditions  for  profitable  international  business  through  the  application  of 
new  forward  -  looking  technologies  in  space  equipment  engineering,  especially  in  the  field  of 
radiation  protection. 
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Abstract 

Ultrafine  Diamond,  UFD,  is  a  nanostructured  diamond  material  obtained  by  processing 
detonation  residues.  The  structure  and  properties  of  this  material  were  verified  by 
combining  destinct  analytical  methods.  Promising  steps  of  industrial  applications  are 
discussed 


1.  Introduction 

Using  energetic  materials  for  the  synthesis  of  diamonds  was  first  demonstrated  in  the 
1960 's  by  the  work  of  DeCarli  et  al.  [1].  The  detonation  energy  thereby  causes  a  shock 
compression  by  which  the  hexagonal  graphite  structure  is  transformed  into  the  cubic 
diamond  structure. 

Two  decades  later  detailed  analysis  showed  the  presence  of  diamonds  in  residues  of 
graphite-free  explosives.  The  explanation  forwarded  by  R.  Greiner,  F.  Volk  et  al.  [2]  was 
that  diamond  was  formed  during  the  detonation  process  itself.  Subsequently  the 
process  of  direct  diamond  synthesis  was  studied  by  many  laboratories  over  the  last 
twenty  years,  most  of  them  in  the  Sowiet  Union  /  GUS  [3,4,5]. 

From  the  research  efforts  a  new  material  resulted,  called  Ultrafine  Diamond  UFD,  which 
basically  Is  a  nanostructured  diamond  powder  displaying  unique  properties,  presently 
under  study  for  industrial  applications. 
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2.  Synthesis  and  purification 

At  ICT,  UFD  are  synthesized  in  a  1 .5  tank  using  charges  of  Composition  B  (60  %  TNT 
/  40  %  RDX)  up  to  300  g  weight  with  confinements  consisting  of  pasteboard  or  ice.  To 
decrease  carbon  oxidation  the  experiments  are  carried  out  in  an  inert  atmosphere.  After 
the  detonation  the  tank  is  washed  with  water  and  the  UFD  containing  residue  retrieved 
by  an  0,8  pm  filter  system. 

This  residue  contains  three  different  carbon  modifications,  namely 

•  diamond 

•  carbon  black 

•  graphite. 

Besides,  the  residue  contains  the  impurities  copper  (from  blasting  caps),  silicium 
(contained  in  Composition  B),  calcium  and  magnesium  (contained  in  washing  water) 
and  iron  formed  by  the  erosion  of  the  steel  tank  during  detonation.  These  impurities  are 
removed  by  a  special  purification  process  with  the  aim  to  recover  the  UFD  powder  with 
maximum  yield  and  minimal  use  of  chemistry.  The  following  scheme  expresses  the  diffe¬ 
rent  steps  involved  in  the  synthesis  process: 


Fig.  1:  Scheme  of  the  UFD  synthesis. 
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The  purification  process  at  ICT  comprises  two  steps,  the  first  step  removes  most  of  the 
carbon  black  by  a  thermal  treatment  in  air.  This  process  requires  careful  monitoring  of 
the  temperature  of  the  residue  to  prevent  loss  of  UFD.  The  second  step  consists  of  a 
special  acid  treatment  in  a  microwave  desintegration  chamber  at  reaction  conditions  up 
to  240  °C  and  30  bar.  The  conditions  enable  a  short  process  duration  and  ensure  mini¬ 
mal  loss  of  diamond.  The  basic  chemistry  involves  is  the  removal  of  the  impurities  by 
reaction  with  nitric  acid,  followed  by  reaction  with  hypochloric  acid.  Certain  impurities 
like  silicium  oxide,  glass,  aluminium  oxide  are  removed  in  an  additional  chemical  step 
with  hydrofluoric  or  phosphoric  acid. 

To  improve  the  environmental  friendlyness  of  the  purification  process,  experiments  with 
hydrogen  peroxide  as  a  replacement  for  the  acid  treatment  and  /  or  plasma-treatment  of 
the  residue  are  in  progress  at  ICT. 

Since  the  processes  markedly  influence  the  surface  properties  of  the  UFD,  the  purifica¬ 
tion  process  is  adapted  to  the  particular  application  sought  and  will  be  custom-tailored 
in  cooperation  with  the  UFD  material  user. 


3.  Characterization 

The  characterization  of  the  UFD-material  focuses  on  the  following  criteria: 

•  particle  size 

•  chemical  purity 

•  thermal  behaviour 

•  surface  properties. 

Table  1  summerizes  the  analytical  methods  and  results  of  the  UFD  characterization. 
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Table  1:  Results  of  UFD  characterization 


PROPERTY 

DETECTING  METHOD 

MEASURED 

size  of  crystallite  area 

x-ray  diffraction 

5  nm 

particle  size  of  dry  powder 

scanning  electron  microscope 

50-100  nm 

particle  size  in  dispersion 

photon  correlation  spectroscopy 

40-200  nm 

density 

pycnometer 

3,10  g/cm^ 

specific  surface 

BET 

247  m' / g 

zeta-potential  at  pH  7 

laser  doppler  anemometry 

-22  mV 

carbon  content 

CHN  automatic  analyzer 

91  % 

decomposition  temp,  in  air 

thermogravimetry 

390  “C 

chemical  impurities 

energy  dispersive  x-ray  analysis 

0,  Si 

Practice  showed  that  a  combination  of  analytical  methods  is  necessary  to  get  a  clear 
picture  of  the  particle  size  and  structure.  For  example.  X-ray  diffraction  allows  the 
calculation  of  the  crystallite  size  by  using  the  Sherrer  equation.  Typical  crystallite  diame¬ 
ters  are  in  the  range  of  a  few  nanometers.  These  results  are  verified  by  visualizing  the 
crystallites  using  transmission  electron  microscope  (fig.2).  These  nano-sized  crystallites, 
in  turn,  form  clusters  which  can  be  identified  by  scanning  electron  microscope  (fig,  3). 
The  clusters  range  between  50  and  150  nm. 


Fig.  2:  TEM-picture  of  UFD 
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Fig.  3:  SEM-picture  of  UFD 


Particles  with  diameters  larger  than  40  nm  are  detected  by  photon  correlation 
microscopy  (PCS)  of  UFD  dispersed  in  liquids.  This  method,  however,  requires  effective 
deagglomeration  of  the  clusters  (fig.  4).  The  deagglomeration  of  UFD  is  difficult  and  not 
yet  completely  solved.  Typical  diameters  of  UFD-agglomerates  are  detected  above  1  pm. 

Hence,  UFD  purification  and  characterization  have  to  be  linked  to  the  envisaged 
application. 


40 


41,9  52,7  66,4  83,6  105,3  132,5  166,9  210,1  264,5 

[nm] 


Fig,4:  Particle  size  distribution  of  UFD  (photon  correlation  spectroscopie) 
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4.  Application 

The  gap  between  research  results  and  industrial  UFD  application  is  challenging. 
Although  some  papers  on  usable  effects  are  published  [6,  7,  8,  9],  there  is  no  industrial 
application  established  yet  in  the  western  industry. 

Fields  of  interest  for  using  UFD  are: 

•  coatings 

•  composites 

•  polishing. 

To  explore  applications  direct  cooperation  between  industry  and  institutes  is  realized  by 
ICT.  The  efforts  resulted  in  two  UFD  projects  up  to  now.  ICT  cooperates  with  Fraunhofer 
Institute  1ST,  Braunschweig,  to  develop  anti-wear  coatings  produced  by  electroplating. 
Secondly,  UFD/Polymer-composites  are  produced  for  testing  heat  conductivity  and 
tribological  properties. 
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Kurzfassung 

Zielvorgabe  fur  die  folgenden  Untersuchung  war  die  Bereitstellung  von  e-CL-20 
Partikein  rhit  einer  engen  PartikelgroBenverteilung  und  einer  mittleren  PartikelgroBe 
von  5  ^im.  Fur  die  Zerkleinerung  des  Explosivstoffes  wurde  ein  geeignetes  Verfahren 
zur  Zerkleinerung  ausgewahit.  Die  Auswahl  des  Zerkleinerungsprozesses  wird  in 
diesem  Beitrag  erlautert.  Urn  eine  moglichst  sichere  und  schonende  Zerkleinerung 
zu  gewahrleisten  wurde  ein  Zahnkranzdispergierer  eingesetzt.  AnschlieBend  foigt  der 
Vergleich  der  Zerkleinerungsergebnisse  von  e-CL-20  und  Hexogen  (RDX). 

Abstract 

The  aim  of  the  following  investigations  was  to  produce  e-CL-20  particles  with  a 
narrow  partice  size  distribution  and  an  average  particle  size  of  5  pm.  For  grinding  of 
explosives  a  suitable  grinding  process  for  this  task  was  selected.  The  selection  of  the 
grinding  process  is  studied  in  this  article.  To  have  mild  and  safe  process  conditions, 
a  wet  grinding  process  with  a  rotor-stator  mill  was  used.  The  results  of  the  experi¬ 
ments  for  the  grinding  of  e-CL-20  and  Oktogen  (RDX )  were  presented. 


’  To  whom  correspondence  should  be  addressed. 
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1.  Einleitung 

Fur  die  Herstellung  von  Raketenfesttreibstoffen,  Treibladungspulvern  und  Explosiv- 
stoffen  werden  e-CL-20  Fraktionen  mit  einer  mittleren  KorngroBe  X5o,3  von  5  pm 
benotigt.  Die  PartikelgroBenverteilung  sol!  moglichst  eng  sein;  Partikel  groBer  als 
100  pm  sollten  folglich  in  dem  Partikelkollektiv  nicht  enthalten  sein.  Die  mittlere 
PartikelgroBe  X5o,3  des  Ausgangsproduktes  (Thiokol,  USA)  betrug  200  pm.  Urn  zu 
uberprufen,  welches  Zerkleinerungsverfahren  am  geeignetsten  erscheint,  werden 
zunachst  die  Grundlagen  des  Zerkleinerung  und  die  Auswahikriterien  des  Zer- 
kleinerungsprozesses  erlautert. 

2.  Material  &  Methoden 

2.1  Grundlagen  der  Zerkleinerung 

Die  Zerkleinerung  dient  dem  Zerteilen  von  Feststoffen  in  Teilstiicke,  wobei  immer 
eine  VergroBerung  der  spezifischen  Oberflache  des  zu  zerkleinernden  Gutes  bzw. 
eine  Verringerung  der  KomgroBen  und  eine  Veranderung  ihrer  Verteilung  erfoigt.  Ziel 
der  Zerkleinerung  ist  die  Herstellung  bestimmter  KomgroBen  und  KorngroBenver- 
tellungen.  Eine  physikalische  Oder  chemische  Anderung  des  Explosivstoffes,  eine 
Beeinflussung  des  Reaktionsverhaltens  durch  die  hohe  mechanische  Beanspru- 
chung  wahrend  des  Zerkleinerungsprozesses  kann  ausgeschlossen  werden.  Zer- 
kleinerungsprozesse  lessen  sich  nach  den  folgenden  Kriterien  elnordnen: 

•  stoffliche  WIderslandsfahigkeit  bei  mechanischer  Beanspruchung  der 
Zerkleinerungsprodukte 

Wie  Tabelle  1  zeigt,  kann  die  Zerkieinerungsaufgabe  nach  der  Mohs-Harte  Oder 
Ritzharte  des  Aufgabegutes  eingeteilt  werden.  Urn  den  VerschleiB  wahrend  des  Zer¬ 
kleinerungsprozesses  zu  begrenzen,  ist  die  Kenntnis  der  Harte  des  Aufgabegutes 
unabdingbar.  Da  Explosivstoffe  wie  Hexogen  Oder  CL-20  nicht  in  der  Lage  sind  Stahl 
(Mohs-Harte:  4)  zu  Ritzen,  handelt  es  sich  bei  Zerkleinerung  von  Explosivstoffen  urn 
eine  Weich-  bis  Mittelhartzerkleinerung. 

•  KorngroBe  des  zu  zerkleinerten  Produktes 

Partikulare  Explosivstoffe  weisen  in  der  Regel  eine  maximale  mittlere  PartikelgroBe 
von  bis  zu  500  pm  auf.  Bei  der  Zerkleinerung  von  Explosivstoffen  handelt  es  sich 
somit  immer  urn  eine  Fein-  Oder  Feinstzerkleinerung.  (s.  Tabelle  2) 
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Tabelle  1 :  Einteilung  des  Zerkleinerungsprozesses  in  Abhangigkeit  der  Mohs-Harte  71/ 


Hart- 

zerkleinerung 

Mittelhart 

zerkleinerung 

Weich- 

zerkleinerung 

Mohs-Harte 

10...  6 

5  ...2 

2...  1 

Beispiele 

Quarz,  Topas 

Salze,  Kalk- 

Kalk,  Gips, 

Zementkiinker 

stein,  Kohle, 

Getreide, 

Korund 

Schwefel 

Faserstoffe 

Tabelle  2:  Einteilung  des  Zerkleinerungsprozesses  nach  der  PartikelgroSe  des 
Aufgabegutes  71/ 

Zerkleinerungsart  Durchmesser  des  Aufgabegutes  dA 

Grobzerkleinerung  dA>100mm 

Mittelzerkleinerung  5  mm  <  dA  >100  mm 

Feinzerkleinerung  0,1  mm  <  dA  >  5  mm 

Feinstzerkleinerung  dA<0,1mm 

•  Beanspruchungsart 

Nach  Rumpf  727  unterscheidet  man  drei  verschiedene  Beanspruchungsmechanis- 
men,  welche  in  Abbildung  1  dargestellt  sind.  Im  Fall  I  erfoigt  die  Kornzerkleinerung 
durch  Druck  zwischen  zwei  Flachen,  im  Fall  II  durch  Prallbeanspruchung  und  im  Fall 
III  erfoigt  die  Zerkleinerung  durch  das  umgebendes  Medium  (z.B.  Schergefalle). 


Abbildung  1 :  Beanspruchungsmechanismen  bei  der  Zerkleinerung 
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2.2  Eigenschaften  der  Explosivstoffe 
•  CL-20 


Summenformel:  C6H6NiaOi2 

Kirstallmodifikation:  e-CL-20 

OjNN^ 

'nnOo 
/  ^ 

OgNN^ 

Strukturformel: 

OjNN* — 

\ 

'-NNOj 

Loslichkeit:  in  Wasser 

nahezu  unloslich 

in  Aceton 

gut  loslich 

Dichte;  2,03  g/ml  (theoretische  Dichte:  2,04g/ml  e  -  Phase) 

spez.  Oberflache:  0,16  m^/g 

•  Hexogen 

Summenformel:  CsHsNeOe 

OjN  NOj 

N  N 

I  I 

HjC  .CHj 


Strukturformel: 

NOj 

Loslichkeit: 

in  Wasser 

nahezu  unloslich 

in  Aceton 

gut  loslich 

Dichte: 

1 ,81  g/ml  (theoretische  Dichte:  1 ,82  g/tr 

Die  Dichte  wurde  mit  einem  Gaspygnometer  gemessen,  wahrend  die  spezifische 
Oberflache  der  Partikel  durch  Gasadsorption  mit  dem  Quanta  Chrome,  Nova  2200 
ermittelt  wurde. 

2.3  Zerkleinerungsmaschinen 

Die  auBerordentliche  Vielfalt  der  Zerkleinerungsaufgaben  hat  eine  groBe  Zahl  ver- 
schiedener  Zerkleinerungsmaschinen  entstehen  lessen.  Fur  die  Zerkleinerung  von 
CL-20  lautet  die  Zerkleinerungsaufgabe: 


Weich-  bis  mittelharte  Feinzerkleinerung 

Die  Zerkleinerung  von  reib-  und  schlagempfindlichen  Komponenten  wie  z.  B.  Hexo¬ 
gen,  Oktogen  Oder  PETN  in  schnellaufenden  Miihlen,  welche  die  Explosivstoff- 
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partikel  durch  Reibung,  Prall  Oder  Schlag  beanspruchen,  bergen  ein  gewisses 
Risiko,  weshalb  aus  Sicherheitsgrunden  die  NaBzerkleinerung  dieser  Materialien 
bevorzugt  wird  /3/.  Dies  um  so  mehr,  seit  bekannt  wurde,  dal3  Dispersionen  aus  reib- 
und  schlagempfindlichen  Explosivstoffen  in  Wasser  mit  Feststoffanteilen  groBer 
20  %  detonationsfahig  sind  /4/. 

Im  folgenden  werden  die  Zerkleinerungsmaschinen  vorgestellt,  mit  welchen  eine 
Feinzerkleinerung  als  NaBzerkleinerung  durchfiihrt  werden  kann. 

•  Kolloidmuhlen 

Als  Kolloidmuhlen  werden  etwas  groBzugig  Maschinen  fur  die  Feinstzerkleinerung 
von  Suspensionen  bezeichnet.  Die  Partikel  verbleiben  dabei  im  allgemeinen  im 
GroBenbereich  um  1  pm  herum,  also  noch  uber  dem  Kolloidbereich.  Diese  Muh- 
len  sind  meistens  Scheibenmiihlen  mit  sehr  engem  verstellbarem  Spalt  Oder 
besitzen  einen  Messerrotor,  der  durch  einen  feststehenden  Rost  kammt.  Auch 
hier  sind  enge  Spalte  fur  eine  gute  Arbeitsweise  notwendig.  Die  profilierten  Schei- 
ben  konnen  aus  Stahl,  Sintermaterialien  Oder  Korund  bestehen  und  rotieren  mit 
Umfangsgeschwindigkeiten  von  einigen  Metem  pro  Sekunde.  Die  Spaltweite  wird 
mechanisch  Oder  hydraulisch  eingestellt.  121 


Abbildung  2:  Prinzip  einer  Scheiben-Kolloidmuhle,  a,  b  Mahlscheiben 

s  Spaltweite 


•  Ruhn/verksmuhle 

Die  Ruhnwerksmuhle  hat  sich  fiir  die  Zerkleinerung  von  mittelviskosen  Medien 
bewahrt.  Sie  besteht  aus  einem  vertikal  angeordneten  zylindrischen  Behalter,  der 
mit  Sandkornem,  Stahikugein,  Steatitkugein  Oder  ahniichen  Mahikorpern  von  Ab- 
messungen  zwischen  einigen  Zehntel  bis  zu  einigen  Millimetern  gefiillt  ist.  In  der 
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Achse  ist  ein  Rtihrer  angeordnet.  Die  Suspension  durchstromt  den  Mahlraum  von 
unten  nach  oben.  Ein  Sieb  oder  ein  Spalt  am  Austritt  halt  die  Mahikorper  zurQck. 
Zerkleinert  wird  durch  Druck  und  Schening  zwischen  den  Kugeln. 


Abbildung  3:  Prinzip  einer  Ruhnwerksmuhle 
•  Dispergierer,  Homogenisator,  Turboruhrer 

Dazu  gehoren  Maschinen  mit  einem  schnellaufenden  profilierten  bzw.  zahne- 
besetzten  Rotor-Stator  System  und  Apparate,  in  denen  die  Suspension  mit  groBem 
Druck  durch  enge  Spalte  geprelBt  warden.  Diese  Maschinen  eignen  sich  von/viegend 
zur  Desagglomeration  in  niedrigviskosen  FlOssigkeiten.  Mit  einem  Zahnkranz- 
dispergierer  wurden  die  folgenden  Untersuchungen  durchgefuhrt. 


Abbildung  4:  Zahnkranzdispergierer,  X40,  Fa.  Ystral 
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2.4  Versuchsdurchfuhrung 

In  einem  zylindrischen  Glasbehalter  mit  abgerundetem  Boden  wird  demineralisiertes 
Wasser  und  der  zu  zerkleinemde  Explosivstoff  vorgelegt.  Die  Verwendung  von  Glas¬ 
behalter  erlaubt  die  Beobachtung  und  Kontrolle  des  Zerkleinerungsprozesses.  Es  ist 
vorteilhaft  die  BehaltergroBe  so  zu  wahlen,  daB  das  Volumen  des  Behalter  nur  zu 
ca.  %  mit  Dispergiermedium  und  Explosivstoff  gefullt  ist.  Der  Zahnkranzdispergierer 
saugt  die  Suspension  axial  an,  weshalb  ein  Mindestabstand  von  einem  Schaft- 
durchmesser  vom  Boden  des  GefaBes  einzuhalten  ist.  Da  sich  das  Dispergier¬ 
medium  bei  einer  Versuchsdauer  von  zwei  Stunden  auf  fiber  50°C  erwarmt,  wurde 
zur  Kiihlung  der  Suspension  ein  Thermostat  eingesetzt.  Urn  eine  moglichst  hohe 
Beladung  an  Explosivstoff  zu  erzielen,  und  dennoch  mit  der  Konzentration  unterhalb 
einer  detonationsfahigen  Suspension  zu  bleiben,  wurde  eine  Feststoffkonzentration 
von  15  %  gewahit.  Zur  Erzielung  hoher  Feinheitsgrade  ist  ein  hoher  spezifischer 
Energieeintrag  erforderlich,  weshalb  es  fur  die  Feinstzerkleinerung  sinnvoll  ist,  die 
BatchgroBe  so  klein  wie  mdglich  zu  wahlen. 


Abbildung  5:  Schematische  Darstellung  der  Batch  -  Zerkleinerungsanlage 
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3.  Versuchsergebnisse 
3.1  Zerkleinerung  von  CL-20 

Urn  die  Partikel  vor  und  nach  der  Zerkleinerung  zu  vergleichen,  zeigen  die  Abbil- 
dungen  6  und  7  die  jeweiligen  PartikelgroBenverteilung,  wahrend  Abbildung  8  und  9 
die  zugehorigen  REM  -  Aufnahmen  zeigen.  Die  PartikelgroBenverteilungen  wurden 
mittels  Laserbeugungsspektrometrie  (Malvern  Mastersizer  S)  bestimmt. 


Abbildung  6:  PartikelgroRenverteilung,  vor  Zerkleinerung 


Abbildung  7:  PartikelgroBenverteilung,  nach  Zerkleinerung 


CL  20  vor  Zerkleinerung 
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Abbildung  8:  CL  20,  Vergleich  vor  und  nach  der  Zerkleinerung 


CL  20  vor  Zerkleinerung 


Abbildung  9:  CL  20,  Vergleich  vor  und  nach  der  Zerkleinerung 
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Urn  die  Reproduzierbarkeit  des  Zerkleinerungsverfahrens  zu  liberprufen,  warden 
zwei  Zerkleinerungsversuche  bei  sonst  gleichen  Versuchsbedingungen  durchgefuhrt. 
Das  Ergebnis  ist  in  Tabeiie  3  zusammengefaBt.  Da  die  Abweichungen  der 
PartikeigroBe  vom  Mitteiwert  (6,1  pm  ±  0,4  pm)  innerhalb  der  Reproduzierbarkeit 
des  MeBgerates  liegt,  kann  die  Reproduzierbarkeit  des  Zerkleinerungsverfahrens  als 
gut  bezeichnet  werden. 

Tabeiie  3:  Partikelcharakterisierung  vor  und  nach  der  Zerkleinerung 


Thiokol  (USA) 

Versuch  1 

Versuch  2 

PartikeigroBe 

X  50.3/Mm 

117,2 

5,7 

6,6 

X  10,3/Mm 

190,5 

1,9 

2,1 

X  90,3/Mm 

344,8 

23,3 

24,4 

X  max/|Jni 

<400 

<60 

<60 

BET  -  Oberflache 

sv  /  (mVg) 

0,16+0,04 

1 ,2710,37 

1 ,20+0,44 

Dichte 

p  /  (g/mi) 

2,03 

2,04 

2,04 

Modifikation 

e  -  Phase 

e  -  Phase 

e  -  Phase 

3.2  Zerkleinerung  von  Hexogen 

Mit  den  in  Kapitel  2.4  erlauterten  Versuchsbedingungen  warden  die  gleichen  Ver- 
suche  mit  Hexogen  (RDX)  durchgefuhrt.  Abbildung  10  zeigt  die  PartikelgroBen- 
verteilung  nach  der  Zerkleinerung. 


q3(x) 


Q3(x) 


Abbildung  10:  PartikelgroBenverteilung,  RDX  nach  Zerkleinerung 
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Tabelle  4:  Vergleich  der  PartikelgroBenverteilung  von  CL-20  und  Hexogen,  nach 
der  Zerkleinerung,  bei  gleichen  ProzeBbedingungen 


CL-20 

Hexogen 

X  50,3/Mm 

5,7 

9,2 

X  10,3/Mm 

1,9 

2,1 

X  90,3/Mm 

23,3 

36,5 

X  max/Mrn 

<60 

<75 

Das  Versuchsergebnis  zeigt,  dal3  bei  der  Zerkleinerung  der  entstehende  Feinanteil 
bei  Hexogen  nicht  so  groB  ist,  wie  fur  CL-20.  Die  Ursache  hierfiir  kann  in  der  unter- 
schiedlichen  Dichte  der  Explosivstoffe  liegen.  CL-20  weist  mil  2,04  g/ml  eine  urn  ca. 
10  %  hohere  Dichte  und  somit  eine  hohere  Sinkgeschwindigkeit  auf.  Je  hoher  die 
Sinkgeschwindigkeit,  desto  hoher  die  Wahrscheinlichkeit,  daB  die  Partikel  wieder  zu 
Boden  sinken  und  vom  Zahnkranzdispergierer  angesaugt  und  zerkleinert  werden. 

Um  die  Zerkleinerung  von  Hexogen  zu  verbessern  kann  der  Einsatz  von  Dispergier- 
medien  mit  niedrigerer  Dichte  als  Wasser  vorteilhaft  sein,  damit  die  Sinkge¬ 
schwindigkeit  erhoht  wird.  Einen  hoheren  Feinanteil  kann  durch  verkleinern  des 
Batchvolumens  erreicht  werden,  um  bei  unverandertem  Energieeintrag  einen 
hoheren  spezifisch  Energieeintrag  zu  erzielen. 
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Detonation  in  charges  of  different  initial  density  and  explosive  particles  grain 
of  size  has  been  studied.  Detonation  velocity,  detonation  pressure  and  detonation 
propagation  critical  conditions  were  obtained  in  the  frame  of  the  work.  Failure 
detonation  diameter  for  azoxydinitrofurazan  single  crystal  was  determined  as  (125 
±  25)  pm  basing  on  the  obtained  discontinuity  on  the  dependence  of  detonation 
velocity  vs  explosive  dispersity. 
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Dilatometric  Measurements  of  Phase  Stabilized  Ammonium 
Nitrate  (CuPSAN)  performed  by  means  of  X-ray  Diffraction 


Paul  Bernd  Kempa,  Michael  Herrmann  and  Walter  Engel 

Fraunhofer-lnstitut  fur  Chemische  Technologie  (ICT),  J.-von-Fraunhofer-Str.  7, 
D-76327  Pfinztal-Berghausen,  Germany 


Abstract 

Ammonium  nitrate  is  used  as  an  oxidizer  in  solid  propellants  and  gas  generators. 
Its  use  is  hindered  by  the  volume  changes  caused  by  the  phase  transitions  of  the 
polymorphic  substance  under  storage  conditions.  Diammine  Copper(ll)  was 
incorporated  into  the  ammonium  nitrate  lattice  to  improve  the  phase 
behaviour. 

The  thermal  expansion  and  the  phase  transitions  of  materials  with  Diammine 
copper  (li)  contents  corresponding  to  7%  CuO  were  measured  with  temperature 
resolved  X-ray  diffraction.  Series  of  measurements  were  performed,  while  the 
samples  were  heated  with  the  temperature  programs  20/100/-70/100  and 
20/143/-70/20  "C.  The  series  were  evaluated  by  Rietveld  refinement  yielding 
thermal  expansion  curves  of  the  phases,  which  were  identified  by  the  known 
diffraction  patterns.  In  temperature  regions  with  coexisting  phases  Rietveld 
refinement  was  used  for  quantitative  phase  analysis. 

The  obtained  data  determine  unambiguously  the  stability  ranges  and  the 
thermal  expansion  of  the  phases.  They  show  that  the  stability  of  the  room 
temperature  phase  iV  and  of  phase  II  is  extended  to  lower  temperatures. 
Compared  to  pure  AN  the  elementary  cell  of  phase  V  of  CuPSAN  approaches  a 
tetragonal  structure  like  phase  II. 
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Introduction 


Ammonium  nitrate  (AN)  is  used  as  oxidizer  in  soiid  propeilants,  gas  generators 
and  expiosives.  Phase  transitions,  low  performance  and  low  burning  rates  are 
drawbacks  for  ist  use. 

AN  crystailizes  in  five  polymorphic  phases  with  well  known  structures  [1-5], 
stability  ranges  and  phase  transition  temperatures.  The  crystallographic  data 
and  the  stability  ranges  of  the  five  phases  are  given  in  Table  1 . 


Phase 

V 

IV 

■■ 

II 

Crystal  system 

orthorh. 

orthorh. 

orthorh. 

tetrag. 

cubic 

Space  group 

Pccn 

Pmmn 

Pnma 

P4mbm 

Pm3m 

Formula  per  unit  ceii 

8 

2 

4 

2 

1 

[Z] 

Lattice  parameters 

a  =  7.943 

a  =  5.745 

a  =  7.7184 

a  =  5.7193 

a  =  4.366 

mesuared  at  [“C] 

b  =  7.972 
c  =  9.832 
-100 

b  =  5.438 
c  =  4.942 
22 

b  =  5.8447 
c  =  7.1624 
45 

C  =  4.9326 
82 

150 

Stability  ranges  [°C] 
humid 

<-18 

-18-32 

32-84 

84-125 

>125 

dry 

<-18 

-18-55 

55-125 

>125 

Table  1:  Crystallographic  data  and  stability  ranges  of  the  AN  phases 


Earlier  studies  showed  that  doping  ammonium  nitrate  with  smaii  amounts  of 
alkaii  nitrates  [6,7]  or  diammine  compiexes  of  copper,  zinc  and  nickei  [8] 
influences  the  phase  transitions  of  ammonium  nitrate. 

in  this  work  we  investigated  the  phase  behaviour  of  samples  containing 
diammine  copper.  The  resuits  obtained  with  the  so  cailed  phase  stabiiized 
ammonium  nitrate  (CuPSAN)  were  compared  with  those  of  pure  ammonium 
nitrate  [9]. 


73-3 


Experimental 

The  samples  were  produced  by  atomizing  an  ammonium  nitrate  melt  containing 
diammine  Copper  (II)  corresponding  to  7%  CuO. 

The  measuring  system  consists  of  a  Bragg-Brentano  diffractometer  D-5000  from 
Siemens  equipped  with  a  copper  or  a  chromium  tube,  a  low  temperature  device 
TTK  from  Paar  Inc.  and  a  position  sensitive  proportional  counter  produced  by 
Braun. 

Series  of  X-ray  diffraction  patterns  were  measured,  while  the  samples  were 
heated  with  the  temperature  programs  20/100/-70/100  and  20/143/-70/20  “C.  The 
measurement  conditions  are  shown  in  Table  2. 


Temperature  program 

20/100/-70/100 

20/1 45/1 01/-70/20 

Radiation 

Cu-Tube 

Cr-Tube 

Profile  range 

15-70  “2Th7eta 

20-105  “2Theta 

Step  scan  increment 

0.02  ‘“2Theta 

0.02  “2Theta 

Measurring  time  per 
pattern 

5,5  min 

23  min 

Table  2:  Measuring  parameters 


Evaluation 

The  diffraction  patterns  were  evaluated  with  the  Rietveld  method  [10]  using  the 
program  WYRIETS  [11].  This  refinement  technique  calculates  X-ray  diffraction 
patterns  based  on  stucture  models.  The  calculated  patterns  are  fitted  to  the 
measured  patterns.  Refining  and  varying  the  parameters  of  the  structure  model 
yields  lattice  parameters,  volumes,  atom  coordinates  and  a  quantitative  phase 
analysis  of  coexistent  phases.  Further  details  of  the  Rietveld  method  are 
obtained  by  ref.  12  and  from  the  literature  cited  therein. 

By  plotting  the  obtained  data  versus  temperature  thermal  expansion,  transition 
paths,  lattice  dynamics  and  volume  changes  are  obtained. 
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Results  and  Discussion 


Transition  paths  and  temperatures 

CuPSAN  shows  at  room  temperature  the  coexisting  phases  li  and  IV.  On  heating 
phase  iV  transforms  into  phase  II  at  60°C.  The  transition  into  phase  i  is  not 
observed  on  heating  to  143°C.  On  cooling  phase  il  transforms  partially  into 
phase  IV.  Below  2®C  phase  II  and  V  can  both  be  fitted  to  the  measured  patterns. 
On  the  second  heating  the  transitions  occur  in  the  reverse  order. 

By  heating  until  100®C  the  same  transition  path  is  observed: 


IV+II - (60®C) - >  II 

II - (2®C) - »  IIA/ - >  (-28®C) - >  IIA/+(IV) 

IIA/+IV - (20°) - )•  IV+II 


heating  from  20°Cto  143°C 
cooling  from  101  °C  to  -70°C 
heating  from  -70®C  to  20°C 


Lattice  parameters 

Table  3  shows  the  lattice  parameters  of  PSAN  measured  at  defined 
temperatures.  The  values  for  AN  are  included  for  comparison. 

They  are  plotted  versus  temperature  in  Figure  1  (heating)  and  Figure  2  (cooling). 
The  linear  expansion  coefficients  are  summarized  in  Table  4.  These  values  were 
calculated  fom  the  lattice  parameters  by  a  linear  fit. 


AN 

CuPSAN 

Difference 

Lattice 

parameter 

Value  /  A 

Value  /  A 

Value/ A 

Phase  1 
at150°C 

a 

4.370 

Phase  II 

a 

5.708 

5.713 

at  82®C 

c 

4.929 

4.916 

Phase  IV 

a 

5.755 

5.754 

at  22®C 

b 

5.444 

5.448 

-0.004 

c 

4.931 

4.928 

0.003 

Phase  V 

a 

7.938 

7.956 

-0.018 

at-100®C 

b 

7.966 

7.960 

0.006 

c 

9.805 

9.799 

0.006 

Table  3:  Lattice  parameters 


Lattice  parametertslAl  ^  ^  Lattice  parameterts  [A] 
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Figure  1:  Lattice  parameters  of  the  phases  II  and  IV  and  equivalent  distances  of 
the  phase  V  on  heating. 


Lattice  parameterts  lA]  Lattice  parameterts  [A] 
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Figure  2:  Lattice  parameters  of  the  phases  II  and  IV  and  equivalent  distances  of 
the  phase  V  on  cooling. 
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1 

Lattice 

parameter 

CuPSAN 

AN 

Range / 
[•C] 

Expansion  / 
[10'®/K] 

Expansion  / 
[10'®/K] 

Phase  1 

a 

124 

Phase  II 

a 

heating 

-70-143 

79 

96 

c 

-70-2 

-22 

58 

c 

2-143 

67 

a 

cooling 

101 --70 

82 

c 

101 --70 

42 

Phase  IV 

a 

heating 

-70  -  62 

-17 

-25 

b 

-70  -62 

260 

309 

c 

-70  -62 

45 

44 

a 

cooling 

-37  -  -70 

186 

b 

-28- -70 

191 

c 

-40- -70 

-79 

Phase  V 

a 

heating 

-70  -  20 

85 

b 

-70  -  20 

66 

c 

-70  -  20 

-11 

-13 

a 

cooling 

5- -70 

72 

b 

5- -70 

76 

c 

-40  -  -70 

-7 

c 

5- -40 

7 

Table  4;  Linear  expansion  coefficients 


By  heating  the  sample  of  CuPSAN  the  lattice  parameter  b  of  phase  iV  increase. 
Whereas  parameter  a  decreases,  and  so  the  elementary  cell  approaches  a 
tetragonal  structure.  This  occurs  by  an  oscillation  of  the  planar  nitrate  groups 
around  an  axis  in  direction  of  c  with  increasing  temperature  according  to  a 
model  of  Amoros  [13].  The  nitrate  groups  deviate  from  the  position  aiigned  in 
direction  of  a  causing  the  transition  iV/il. 


By  heating  until  143®C  no  transformation  from  phase  II  to  the  high  temperature 
phase  I  is  observed. 


As  the  lattice  parameters  a  and  b  of  phase  V  of  CuPSAN  are  nearly  the  same, 
corresponding  to  a  tetragonal  basis  of  the  elementary  cell,  the  transition 


73-8 


temperature  into  the  nearly  identical  phase  II  cannot  be  clearly  defined.  At 
room  temperature  phase  V  as  well  as  phase  II  is  observed. 

Compared  to  AN  only  the  lattice  parameter  a  for  the  phase  V  of  CuPSAN  shows 
a  significant  difference. 

The  linear  expansion  coefficients  are  comparable  for  the  corresponding  lattice 
parameters  for  all  phases  of  AN  and  CuPSAN.  However,  for  phase  IV  a  difference 
is  observed  on  cooling.  As  shown  in  Figure  2  the  thermal  expansion  for  the 
lattice  parameters  a  and  c  change.  The  lattice  parameter  a  increases  and  c 
decreases.  This  point  is  not  clear  and  requires  further  investigation. 


Specific  Volumes 

In  Figure  3  the  specific  volumina  on  heating  and  cooling  are  shown.  The 
corresponding  values  and  the  volumetric  expansion  coefficients  are  shown  in 
Table  5  and  6. 


AN 

CuPSAN 

Difference  /  A^ 

Volumen  /  A'’ 

Volumen/ A"* 

83.45 

Phase  II 
at  82^ 

80.30 

80.27 

0.03 

77.27 

77.27 

0 

Phase  V 
at-IOO'C 

77.50 

77.58 

-0.08 

Table  5:  Specific  volumes 


Volumes  [A] 


Figure  3:  Volumes  of  the  CuPSAN  phases. 
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CuPSAN 

AN 

Expansion  / 
I10®/K] 

Phase  1 

372 

Phase  II 

-70-143 

206 

250 

101  --70 

205 

Phase  IV 

heating 

-70  -  62 

331 

-37  -  -70 

Phase  V 

heating 

-70  -  20 

141 

5- -70 

Table  6:  Volumetric  expansion  coefficents 


Comparing  the  specific  volumes  of  CuPSAN  with  AN  only  small  differences  are 
observed.  The  volumetric  expansion  coefficients  calculated  from  the  curves  in 
Figure  5  are  strongest  for  Phase  IV  and  comparable  with  those  for  AN. 


Conclusion 

The  transition  paths  of  CuPSAN  distinguish  from  pure  AN  by  an  extended 
stability  range  of  phase  II  down  to  room  temperature  and  up  to  more  then 
140‘’C ,  so  that  no  transition  into  phase  I  is  observed  on  heating  to  143®C.  Phase 
IV  coexists  with  the  phase  II  and  V  decreasing  from  40%  at  -70  °C  to  <10%  at 
60“C  on  heating  and  from  about  1  %  at  -28'’C  to  10%  at  -70°C  on  cooling. 
Incorporating  diammine  copper(II}  into  the  lattice  enhances  the  tendency  to  a 
tetragonal  structure.  The  lattice  parameters  a  and  b  for  phase  V  become  nearly 
the  same.  The  tendency  explains  the  extended  stability  of  phase  II  and  increases 
the  difficulties  of  distinguishing  between  the  phases  II  and  V. 
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OPTICAL  MEASUREMENTS  OF  PARTICLES  LESS  THAN  1  MICROMETER 

IN  FLAMES 


OPTISCHE  PARTIKELGROBENBESTIMMUNG  IM  SUB-|jm-BEREICH 
IN  FLAMMEN 


W.  Ehrhardt,  W.  EckI,  M.  Weindel,  V.  Weiser 

Fraunhofer  Institut  fur  Chemische  Technologie  (ICT) 
Joseph-von-Fraunhoferstr.  7 
76327  Pfinztal 


Abstract 

An  optical  system  for  measuring  size  and  concentration  of  particles  less  than  01 
micrometer  in  flames,  developed  at  the  ICT,  is  described.  The  measuring-system  is 
working  non-intrusive  and  has  been  built  up  in  an  experimental  scale.  The  function  of 
the  system  is  based  on  a  multipie-wavelength-extinction-method.  In  case  of  sufficient 
particle-concentration  in  sooting  flames,  the  system  is  able  to  detect  particle-sizes  in  a 
range  of  0.01  ...0.5pm.  Additionaliy  the  plume  of  an  Al-filled  composite  propellant 
was  investigated. 

Kurzfassung 

In  der  vorliegenden  Arbeit  wird  ein  am  ICT  entwickeltes  optisches  MeBsystem  zur 
Bestimmung  der  GroBe  und  Konzentration  von  Partikein  im  sub-pm-Bereich  in 
Flammen  beschrieben.  Hierbei  handelt  es  sich  urn  ein  beruhrungsios  arbeitendes 
MeSsystem  das  im  LabormaBstab  aufgebaut  wurde.  Als  MeBprinzip  kommt  ein 
Mehr-Welienlangen-Extinktions-Verfahren  zum  Einsatz,  Das  System  ist  in  der  Lage  bei 
einer  genugend  groBen  Konzentration  von  Partikein  in  Flammen  den 
Partikeldurchmesser  in  einem  Bereich  von  0.01. ..0.5pm  zu  bestimmen.  Zusatzlich 
wurde  die  heiBe  Reaktionszone  eines  Aluminium-Composit-Treibstoffes  untersucht. 
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Einleitung 

Im  Forschungs-  und  Entwicklungsbereich  der  Flammendiagnostik  am  ICT  warden 
MeBsysteme  entwickelt,  die  die  Charakterisierung  und  Optimierung  von 
Verbrennungsprozessen  gestatten.  Die  Kenntnis  von  GroBe  und  Konzentrationen  der 
Partikel  in  ruBenden  Flammen,  speziell  derer  mit  einem  Durchmesser  kleiner  1pm,  ist 
hierbei  von  besonderer  Bedeutung.  Dm  den  Verbrennungsverlauf  in  den 
untersuchten  Flammensystemen  nicht  zu  beeinflussen,  warden  beruhrungslos 
arbeitende  MeBverfahren  bevorzugt . 

Aus  diesem  Grund  wurde  am  ICT  ein  optisches  MeBsystem  entwickelt,  das  diesen 
Anforderungen  Rechnung  tragt. 


Grundlagen 

Das  Mehr-Wellenlangen-Extinktions-Verfahren,  auch  Dispersionsquotientenverfahren 
genannt,  beruht  auf  der  Lichtextinktion  mehrerer  Lichtstrahlen  unterschiedlicher 
Wellenlange  beim  Durchgang  durch  das  gleiche  Partikelkollektiv.  Durchquert  ein 
Lichtstrahl  ein  Partikelkollektiv,  so  wird  dieser  durch  Extinktion  (Absorption  und 
Streuung)  geschwacht. 

Unter  der  Annahme  einer  monodispersen  Partikelverteilung,  wird  die  Extinktion  eines 
monochromatischen  Lichtstrahls  durch  das  bekannte  Lambert-Beer'sche  Gesetz 
beschrieben: 

I  ^  1^  .  g(-N  L.7t.rTQ^„(r,X,n)) 

Dabei  bedeuten: 

lo  -Intensitat  des  auf  die  Partikel  treffenden  Lichts 
I  -Intensitat  des  Lichts  hinter  dem  Partikelkollektiv 
N  -Partikeldichte 

r  -Partikelradius 

Qja  -Extinktionskoeffizient 

n  -Brechungsindex 

L  -MeBvolumenlange 

X  -Wellenlange  des  verwendeten  Lichtes 
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Obwohl  in  der  Gleichung  spharische  Partikel  vorausgesetzt  warden,  Ia8t  sie  sich 
durch  die  Betrachtung  eines  ganzen  Partikelkollektivs  auch  auf  andere  Partikelformen 
anwenden.  Durch  die  unterschiedliche  raumliche  Orientierung  der  Partikel,  innerhalb 
des  vom  Lichtstrahl  erfaBten  Kollektivs,  ergibt  sich  bei  von  der  Kugelform 
abweichenden  Teilchen,  im  Durchschnitt  wiederum  ein  "mittlerer  Radius".  Da  es  sich 
in  der  Realitat  in  den  seltensten  Fallen  um  kugeiformige  Teilchen  handelt,  wird  diese 
Naherung  als  hinreichend  genau  betrachtet  und  im  Dispersionsquotientenverfahren 
angewendet. 

In  dem  Lambert-Beer'schen  Gesetz  ist  auBer  der  PartikelgroBe  auch  noch  die 
Partikelkonzentration  unbekannt.  Bildet  man  jetzt  den  sogenannten  Dispersions- 
quotienten  durch  Division  der  logarithmierten  Intensitatsverhaltnisse  zweier 
Lichtstrahlen  unterschiedlicher  Wellenlange  die  das  gleiche  Partikelkollektiv  passieren, 
so  kurzt  sich  die  unbekannte  Partikeldichte. 


In 


In 


11 

X2 


QextirAz.n) 


Da  der  Zusammenhang  zwischen  Dispersionsquotient  und  PartikelgroBe  nicht  immer 
eindeutig  ist,  werden  zusatzliche  Wellenlangen  eingefuhrt.  Nun  konnen  weitere 
Dispersionsquotienten  gemessen  und  eine  eindeutige  TeilchengroBe  zugeordnet 
werden. 

Der  Extinktionskoeffizient  Q^,,,  kann  mit  Hilfe  der  Mie-Theorie  bestimmt  werden  und 
setzt  sich  additiv  aus  dem  jeweiligen  Koeffizienten  fiir  Absorption  bzw.  Streuung 
zusammen. 


Qext(r,A,,n)  =  Qab5(r,A.,n)  +  Qs,r(r,A„n) 

Leicht  uberschaubar  sind  lediglich  die  Falle  groBer  (r»l)  bzw.  kleiner  (r«X,)  Radien. 
Im  Falle  klelnster  Teilchen  verschwindet  die  Streustrahlung,  da  sie  in  der  4.  Potenz 
von  r/1  abhangig  ist  (Rayleigh-Streuung). 
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Bei  groben  Teilchen  wirkt  sich  die  Streustrahlung  als  reflektierte  Strahlung  aus,  die  im 
Falle  runder  Partikel  zwar  den  gesamten  Raum  erfullt,  bevorzugt  aber  entgegen  der 
Einfallsrichtung  erfoigt.  [1] 

Will  man  nun  das  zwischen  den  Extremen  liegende  Gebiet  r  ~  X  betrachten,  so 
kommt  man  nicht  mehr  ohne  die  exakte  Theorie  aus,  die  Gustav  Mie  (1868-1957)  im 
Jahr  1908  veroffentlichte.  Mie  hat  auf  Grundlage  der  Maxwellschen  Theorie  die 
Strahlung  von  Kugein  berechnet,  die  von  ebenen  Wellen  getroffen  werden.  Er  lost 
das  Randwertproblem  exakt.  Den  Kugein  werden  dabei  selbst  fOr  die  kleinsten 
Dimensionen  die  Werte  des  komplexen  Brechungsindex  zugeschrieben,  wie  sie  das 
massive  Material  besitzt.  Die  Kugein  werden  zu  eigenen  Schwingungen  angeregt, 
deren  Wellenzuge  dann  mit  den  ursprunglichen  interferieren.  Die  Losung  ergibt  sich 
als  Reihenentwicklung,  deren  Koeffizienten  sich  aus  Besselschen  und  Hankelschen 
Funktionen  errechnen. 


Qext  (m,  r,  X)  =  ~  ^  (2n  + 1)*  Re{a„  +  ) 

n=1 


Voraussetzung  fur  die  Berechnung  ist  die  Kenntnis  des  komplexen  Brechungsindex 
(m=m,-m2-i)  des  Partikel-Feststoffes. 

Da  die  genauere  Berechnung  des  benotigten  Extinktionskoeffizienten  nicht 
Gegenstand  dieser  Arbeit  sein  soil,  sei  an  dieser  Stelle  auf  die  Literatur  [2-4] 
verwiesen. 

Aus  dieser  Berechnung  kann  nun  fur  jede  der  verwendeten  Wellenlangen  ein  Kurve 
fur  den  Verlauf  des  Extinktionskoeffizienten  in  Abhangigkeit  von  der  PartikelgroBe 
abgeleitet  werden.  Durch  die  Kombination  jeweils  zweier  Wellenlangen  kann  dann 
ein  theoretischer  Dispersionsquotient  DQ^^or  gebildet  und  mit  dem  dazugehorigen 
gemessenen  Quotienten  DQ„p  gleichgesetzt  und  letztendlich  ein  Partikelradius 
zugeordnet  werden. 
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Aufbau  und  Funktionsweise 

Das  von  dem  Lichtbogen  einer  Kurzbogenlampe  erzeugte  Licht,  wird  durch  eine 
Kondensoroptik  am  Lampengehause  parallelisiert.  Eine  spezielle  Einkoppeloptik 
fokusiert  den  Lichtstrahl  auf  die  Offnung  eines  Lichtwellenleiters  mit  einem 
Kerndurchmesser  von  200  pm.  Am  anderen  Ende  der  Faser  wird  das  austretende 
Licht  durch  eine  Linse  auf  die  MeBebene  fokusiert.  Dieser  Lichtstrahl  durchlauft  einen 
StrahIteilerwGrfel,  der  einen  Teil  des  Lichtes  urn  90°  auf  eine  Silizium-Fotodiode 
ablenkt.  Die  Spannung  an  dieser  Detektordiode  wird  direkt  uber  eine  A/D- 
Wandlerkarte  in  einen  tragbaren  Rechner  eingelesen. 

Der  andere  Teil  des  Lichtstrahls  trifft  auf  die  Blendenoffnung  eines  elektronisch 
gesteuerten,  mechanischen  Shutters  und  wird  mit  dessen  Taktfrequenz  am  Durchtritt 
gehindert.  Im  weiteren  Verlauf  des  Strahlengangs  befindet  sich  nun  die  MeBkammer, 
die  mit  Seitenwanden  aus  Glas  versehen  ist.  In  ihr  befindet  sich  das  eigentliche 
MeBobjekt,  die  Flamme.  Das  pulsierende  Licht  trifft  hier  auf  die  von  der  Flamme 
erzeugten  Partikel  und  wird  durch  diese  in  seiner  Intensitat  geschwacht. 

Auf  der  anderen  Seite  des  MeBvolumens  befindet  sich  eine  zweite  Optik,  die  den 
abgeschwachten  Lichtstrahl,  sowie  die  Strahlung  der  Flamme,  wiederum  auf  die 
Offnung  eines  Lichtwellenleiters  (Durchmesser  1000pm)  fokusiert.  Eine  Linse  bildet 
den  Ausgang  des  Lichtwellenleiters  auf  den  Eingangsspalt  des  Monochromators  ab. 
Hier  wird  nun  das  auftreffende  Licht  durch  ein  Reflexionsgitter  in  seine  spektralen 
Anteile  zerlegt  und  letztendlich  auf  die  Diodenzeile  (1024  Elemente)  des  Detektors 
abgebildet. 

Im  Rechner  des  Spektrometers  (Optical  Multichannel  Analyser)  werden  nun  die 
kompletten  Spektren  des  erfaBten  Lichtes  verarbeitet.  Man  erhalt  abwechseind  ein 
Spektrum  der  Flammenstrahlung,  mit  bzw.  ohne  Uberlagerung  durch  den  MeBstrahl. 
Synchronisiert  wird  das  gesamte  System  durch  die  am  Spektrometer  eingestellte 
Integrationszeit.  Dieses  Triggersignal  wird  durch  einen  Funktionsgenerator  aufbereitet 
und  dient  der  Steuerung  des  zum  Shutter  gehorenden  Controllers.  Dieser  erzeugt  ein 
Signal,  je  nach  Zustand  der  Blendenoffnung  am  Shutter.  Mit  diesem  Signal  wird  die 
MeBwerterfassung  an  dem  genannten  tragbaren  Rechner  ausgelost.  Abbildung  1 
zeigt  in  einer  schematischen  Darstellung  den  optischen  Aufbau  und  die 
Datenerfassung. 


Oscilloscope 
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Abb.  1:  Schematische  Darstellung  des  optischen  Aufbaus  und  der  Datenerfassung 
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Ergebnisse: 

Um  die  Qualitat  der  PartikelgroBenbestimmung  des  entwickelten  MeBsystem 
beurteilen  zu  konnen,  wurde  dieses  an  verschiedenen  Flammen  getestet.  Im 
Nachfolgenden  sind  einige  MeBergebnisse  aus  unterschiedlichen  Versuchs- 
anordnungen  graphisch  dargestellt. 


Mittlerer  Partikelradius  r  in  einer  Flammenhohe  von  1 .5  cm 


Abb.  2:  RuBpartikelgroBe  in  Modellflammen 

Abbildung  2  zeigt  den  Verlauf  zweier  MeBreihen  fur  unterschiedliche 
Modellflammen,  bei  denen  der  MeBstrahl  die  Flammenzone  in  einer  festen  Hohe  von 
1,5cm  durchdringt, 

Weiterhin  wurden  Messungen  an  Poolfire  -  selbst  kontrollierten  Diffusionsflammen 
uber  Brennstofflachen  -  durchgefuhrt,  bei  denen  die  axiale  Lage  des  MeBstrahls 
variiert  wurde.  In  Abbildung  3  sind  die  gemittelten  PartikelgroBen  (RuB)  in 
Abhangigkeit  von  der  axialen  Flammenposition  fur  unterschiedliche  brennende 
Substanzen  dargestellt.  Der  Basisdurchmesser  betrug  5  cm. 

Die  MeBergebnisse  stimme  sehr  gut  mit  aus  der  Literatur  bekannten  PartikelgroBen 
uberein  [1,5].  Man  beobachtet  ein  Partikelwachstum  bzw.  eine 
Partikelagglomeration  mit  zunehmender  Flammenhohe.  Der  Verlauf  der  PartikelgroBe 
in  Abhangigkeit  der  horizontalen  Flammenposition  deckt  sich  ebenfalls  mit  durch 
andere  MeBsysteme  gewonnenen  Ergebnissen  [9]. 
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Da  die  Kenntnis  des  komplexen  Brechungsindex  des  Partikel-Feststoffes  die  einzige 
Voraussetzung  fur  das  MeBsystem  darstellt,  konnen  auch  andere  partikelbeladene 
Flammensysteme  untersucht  warden.  Als  Beispiel  hierfur  wurde  die  GroBe  der  AljOj- 
Partikel  beim  Abbrand  eines  Aluminium-Composit-Treibstoffes  (HTPB  1029) 
bestimmt.  Iri  Abbildung  4  sind  sowohl  die  gemessenen  TeilchengroBen  wie  auch  die 
Partikelkonzentration  dieser  Untersuchungen  dargestellt. 
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Zusammenfassung: 

Das  hier  vorgestellte  MeBsystem  ist  in  der  Lage  den  Partikeldurchmesser  in  einem 
GroBenbereich  von  0.01  ...0.5gm,  sowie  die  Partikelkonzentration  inn  Bereich  von 
10^..10'^cnn■^  in  Flammen  beruhrungslos  zu  messen. 

Ein  Vorteil  des  MeBsystems  gegenuber  bekannten  Systemen  ist  die  Moglichkeit,  sehr 
kleine  PartikelgroBen  bei  hohen  Konzentrationen  zu  detektieren.  Durch  die 
Verwendung  von  fOnf  und  mehr  Wellenlangen  zu  Bestimmung  des 
Dispersionsquotienten,  liegt  der  Hauptvorteil  dieses  Verfahrens  in  der  hohen 
Sicherheit  der  MeBergebnisse.  Die  Doppeldeutigkeiten  im  Verlauf  des 
Dispersinsquotienten  lessen  sich  hiermit  wesentlich  einfacher  beseitigen  als  bei 
herkommlichen  MeBsystemen,  welche  mit  lediglich  zwei  bzw.  drei  Wellenlangen 
arbeiten.  AuBerdem  Ist  eine  Kalibrierung  des  MeBaufbaus  nicht  erforderlich. 

In  einer  nachsten  Entwicklungsphase  soli  das  bestehende  Laborsystem  auf  ein 
kompaktes  und  handliches  MeBsystem  reduziert  werden.  Durch  eine  direkte 
Rechneranbindung  mit  integriertem  Spektrometer  wird  die  zeitaufgeloste  Online- 
Auswertung  von  partikelbeladenen  Systemen  wie  Aerosole,  Suspensionen  und 
Emulsionen  angestrebt. 
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EinfluB  der  PartikelgroBe  auf  das  Abbrandverhalten 
von  B/KNOB-Anziindmischungen 
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Fraunhofer-lnstitut  fur  Chemische  Technologie  (ICT) 
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Abstract 

Gun  propellants  and  particularly  LOVA-ammunition  with  low  temperature  sensitivity  need 
matched  ignitor  systems  to  guarantee  reliable  and  effective  ignition.  For  this  systems 
privileged  conditions  of  the  ignitor  jet  are  only  partly  known  like  temperature,  particles  and 
gas  content.  Also  the  influence  of  the  mixture  preparation  like  particle  sizes  and  densities 
are  less  investigated.  First  approaches  to  investigate  these  influences  to  the  burning 
behaviour  and  ignitor  jet  of  B/KNOj-mixtures  and  black  powder  are  presented. 

Kurzfassung 

Jedes  Treibladungspulver  benotigt  speziell  angepaSte  Anzundmischungen  (AZM),  urn  eine 
zuverlassige  und  effektive  AnzGndung  zu  gewahrleisten.  Dies  gilt  im  besonderen  MalBe  fur 
LOVA-Munition  und  temperaturunempfindliche  Pulver.  In  vielen  Fallen  sind  die  effektiven 
Anzundbedingungen  bzgi.  der  Temperatur  oder  dem  Partikel/Gas-Verhaltnis  nur 
unzureichend  bekannt.  Beim  AnzCindverhalten  spielt  die  Aufbereitung  des  AZM  bzgI. 
PartikelgroBenverteilung  und  Packungsdichte  eine  ausschlaggebende  Rolle.  Untersucht 
wurde  der  EinfluB  dieser  Parameter  auf  das  Abbrandverhalten  des  AZM  und  der  Anzund- 
schwaden. 


1  Einleitung 

Die  konventionelle  Anzundung  eines  Treibladungspulver  (TLP)  geschieht  durch  Obertragung 
thermischer  Energie  aus  dem  reagierenden  Anzundmittel  (AZM)  auf  die  Pulverschuttung 
uber  Strahlung  und  das  Auftreffen  heiBer  Gase  und  Partikel.  Diese  Vorgange  laufen  in 
wenigen  Millisekunden  oder  schneller  ab.  Eine  hohe  kinetische  Energie  der  Gase  und 
Partikel  und  ihr  ausgewogenes,  dem  TLP  angepaBtes  Verhaltnis  sorgt  fur  den  Durchgriff  auf 
einen  ausreichenden  Teil  der  Pulverschuttung  [4]. 

Das  unempfindliche  Verhalten  von  neuen  TLPs,  insbesondere  gegenuber  thermischen 
Einwirkungen,  basiert  auf  der  Verwendung  von  Komponenten,  die  im  Vergleich  zu  NC  erst 
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bei  hoheren  Temperaturen  pyrolysieren.  Dies  gilt  speziell  fur  kalte  Hochleistungspulver 
(KHP)  und  LOVA-Pulver.  Z.  B.  zeigen  Nitramine,  die  hohe  Leistungen  aufweisen  und  haufig 
bei  diesen  Pulvern  zum  Einsatz  kommen,  eine  im  Vergleich  zu  NC  urn  ca.  50°C  hohere 
Zersetzungstemperatur  -  meist  in  Verbindung  mit  einem  Schmeizvorgang  bei  moderaten 
Heizraten  [lOOK/min].  Binderanteile  pyrolysieren  z.  T.  endotherm.  Dies  erfordert  allerdings 
mehr  Energieubertragung  und  stellt  die  Entwickler  von  Anzundern  vor  das  Problem,  die 
Anzundmischungen  den  neuen  Pulvern  anzupassen,  ohne  zu  gravierenden  Steigerungen 
der  notwendigen  Anzundmengen  zu  kommen. 

Ziel  der  berichteten  Arbeiten  war  es  zu  untersuchen,  wie  die  Eigenschaften  von  AZM 
variiert  warden  konnen,  ohne  ihre  chemische  Zusammensetzung  zu  andern.  Dadurch  sollen 
chemische  und  physikalische  Wirkmechanismen  voneinander  getrennt  untersucht  werden. 
Als  Parameter  zur  Variation  von  Abbrandgeschwindigkeit  und  Partikeldichten  wurde  zuerst 
der  EinfluS  von  PartikelgroBen  und  Schuttdichten  untersucht. 

2  EinfluG  von  KorngroBen  und  Schuttdichten  auf  die 
Umsatzgeschwindigkeit  von  B/KNO3 


Untersucht  wurde  der  EinfluB  der  PartikelgroBenverteilung  auf  das  Abbrandverhalten  von 
Anzundmischungen  (AZM).  Die  PartikelgroBenverteilung  bestimmt  die  mikroskopische 
Vermischung  der  Reaktionskomponenten  und  die  GroBe  der  reaktionsfahigen  Oberflache. 
Daher  kann  erwartet  werden,  daB  Sie  einen  groBen  EinfluB  auf  die  Umsatzgeschwindigkeit 
des  AZM  ausGbt.  Auch  ist  mit  einem  EinfluB  auf  die  Art  und  GroBe  der  Schwadenpartikel 
zu  rechnen. 


2.1  Versuchsaufbau  und  Durchfuhrung 

Uber  das  Abbrandverhalten  von  Pulverschiittungen  gibt  es  bislang  nur  sehr  wenige 
Untersuchungen  [1].  Da  keine  geschlossene  Oberflache  auf  einem  homogenen  Material 
vorliegt,  versagt  die  konventionelle  Definition  der  Abbrandrate,  und  man  beschrankt  sich 
auf  die  Ermittiung  der  Umsatzgeschwindigkeit. 

Bislang  gibt  es  fOr  derartige  Messungen  kein  einheitliches  MeBverfahren.  Berger  [1]  miBt 
z.B.  die  Fortpflanzungsgeschwindigkeit  einer  Verbrennungsfront  an  einer  pyrotechnischen 
Pulverschuttung  in  einer  Rinne.  Dieses  Verfahren  kann  nicht  in  konventionellen 
Druckbomben  eingesetzt  werden.  Deshalb  wurde  ein  Verfahren  entwickelt,  daB  Ahnlich- 
keiten  mit  der  MeBmethode  nach  Crawford  [2]  aufweist,  die  zur  Abbrandratenmessung 
von  Festtreibstoffen  routinemaBig  eingesetzt  wird. 

Eine  definierte  Pulvermenge  wird  in  ein  150  mm  langes  Glasrohr  mit  6  mm  Innendurch- 
messer  eingefullt,  auf  einer  ROttelmaschine  moglichst  gleichmaBig  verdichtet,  senkrecht 
aufgestellt  und  mit  Flilfe  einer  kurzen  Zundschnur  angezundet.  Die  MeBstrecke  betragt 
100  mm.  Ober  und  unter  der  MeBstrecke  verbleiben  etwa  20  mm  Vor-  bzw.  Nachlauf.  Der 
Abbrand  wird  mit  einer  Videokamera  und  eingeblendetem  Zeitsignal  aufgezeichnet.  Die 
Aufnahmen  konnen  manuell  und  computergestutzt  ausgewertet  werden.  Bild  1  zeigt  einen 
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charakteristischen  Abbrand;  die  reagierende  Flammenfront  betragt  nur  wenige  Millimeter 
und  verlauft  absolut  eben;  so  ist  das  MeBsignal  eindeutig  auszuwerten. 


Bi|d  1  Videoprint  eines  reprasentativen  Abbrandversuchs 


2.2  Anzundmischungen  und  Probenaufbereitung 

Untersucht  warden  Schuttungen  von  Bor/Kaliumnitrat  (B/KNOj)  in  stochiometrischer 
Zusammensetzung  von  1 5  zu  85  Massenprozent.  Das  konventionelle  Borpulver  hatte  einen 
mittleren  Korndurchmesser  von  Xjo  =  2  pm.  Die  Kaiiumnitratkorner  warden  gemahlen  and 
darch  Siebang  in  drei  Kornfraktionen  aafgeteilt.  Die  Xso-Werte  lagen  bei  3,  6  und  12  pm. 

Es  warden  jeweils  3.7  g  des  Pulvers  in  ein  Rohrchen  gefullt  und  mit  einer  Stampfmaschine 
verdichtet.  Durch  unterschiedliche  Stampfzahlen  von  300  bis  2000  Huben  konnten 
verschiedene  Verdichtungen  erreicht  werden.  Die  Ermittiung  der  Schuttdichte  erfoigte 
durch  Messen  der  Fullhohe  nach  dem  Rutteln. 


2.3  Umsatzgeschwindigkeiten 

Die  unterschiedlichen  erreichten  Schuttdichten  sind  in  Abhangigkeit  vom  mittleren 
Durchmesser  der  KNOj-Partikel  in  Tabelle  1  zusammengestellt.  Gleichzeitig  ist  die  maximal 
erreichte  Steigerung  der  Schuttdichte  eingetragen.  Die  Schuttdichten  steigen  mit  der  GroBe 
der  KNOj-Partikel,  d.h.  mit  dem  GrdBenunterschied  zwischen  Bor  und  KNO3.  Die  kleinen 
Bor-Partikel  fOgen  sich  besser  in  die  Lucken  zwischen  den  KNOj-PartikeIn  ein.  Durch 
aufwendiges  Rutteln  ist  nur  eine  relativ  geringe  Steigerung  der  Schuttdichte  urn  etwa  20% 
erreichbar.  Die  Reproduzierbarkeit  der  Schuttdichte  bei  gleicher  Hubzahl  war  mit 
Schwankungen  von  etwa  10%  zufriedenstellend. 
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Tabelle  1  Erreichte  Schuttdichten  bei  unterschiedlichen  KN03- 
Partikeldurchmessern;  XsoCBor)  =  2  pm. 


xSOfKNOj)  in  pm 

3 

6 

12 

x50(KN03) :  x50(B) 

1.5 

3 

6 

0.71  bis  0.87 

0.79  bis  0.96 

0.92  bis  1.06 

Steigerung  in  % 

23 

22 

15 

Die  Verbrennung  verlauft  riickstandsfrei.  Nur  an  der  Rohrwand  findet  man  eine  hauch- 
dunne  Ablagerungsschicht.  Es  werden  praktisch  keine  gluhenden  Partikel  aus  dem  Rohr 
geschleudert. 

Die  bei  verschiedenen  Schuttdichten  gemessenen  Umsatzgeschwindigkeiten  erweisen  sich 
als  maGig  reproduzierbar,  wie  Gild  2  verdeutlicht.  Es  zeigt  die  gemessenen  Regressions- 
geschwindigkeiten  r  der  einzelnen  AZM  in  Abhangigkeit  von  der  Schuttdichte  p.  Die 
Abhangigkeit  von  der  Dichte  erweist  sich  als  signifikant  und  ergibt  eindeutige  Trends. 

In  Richtung  groGer  KNOj-Partikel  steigert  sich  die  Umsatzgeschwindigkeit  von  2  auf  3  mm/s 
bei  niedrigen  SchOttungdichten  auf  von  4  auf  6  mm/s  bei  hohen  Verdichtungsgraden.  Als 
Grund  fur  den  Anstieg  der  Umsatzgeschwindigkeit  kann  die  hohere  Packungsdichte  bei 
den  12  pm  Pulvern  angesehen  werden.  Durch  die  bessere  Einlagerung  und  Verteilung  der 
Borpartikel  sind  Brennstoff  und  Oxidator  besser  vermischt;  die  Reaktionspartner  liegen 
naher  beieinander.  Dies  beschleunigt  und  optimiert  die  mikroskopischen  Warme-  und 
Stoffaustauschprozesse  bei  der  chemischen  Reaktion. 

Die  absoluten  Werte  erscheinen  sehr  klein  im  Vergleich  zu  den  Erfahrungen  im  Anzund- 
simulator  [3]  und  realen  Waffensystemen,  in  denen  sich  ahniiche  Menge  gleichartiger  AZM 
in  wenigen  Millisekunden  umsetzen.  Allerdings  spielen  dabei  hohere  Iniziierungsenergien 
und  Starke  Verdammungseffekte  eine  ausschlaggebende  Rolle.  Die  dargestellten  Versuche 
wurden  so  konzipiert,  daG  sich  das  Abbrandverhalten  unabhangig  von  diesen  Effekten 
moglichst  vergleichbar  untersuchen  laGt.  Wie  auch  bei  den  Arbeiten  von  Berger  [1]  sollen 
nur  isolierte  Einflusse  wie  die  KorngroGe  und  Schuttdichte  auf  das  /\ZM  untersucht  und 
Tendenzen  aufgezeigt  werden. 
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Die  Umsatzgeschwindigkeit  variiert  starker  mit  der  Schuttdichte  als  mit  den  untersuchten 
KorngroBen  der  KNOj-Partikel.  Mit  hdhere  Schuttdichte  steigt  die  Umsatzgeschwindigkeit 
Gberproportional  an.  Der  Anstieg  kann  nicht  als  exponentiell  betrachtet  werden,  weil  die 
Steigerung  der  Schuttdichte  nach  oben  begrenzt  ist.  Der  Anstieg  der  Umsatzgeschwindig¬ 
keit  kann,  wiederum  durch  die  geringeren  mittleren  Abstande  zwischen  den  Reaktions- 
partnern  erklart  werden.  Als  weiterer  Effekt  muB  der  gestiegene  Strdmungswiderstand 
angesehen  werden,  der  durch  die  hohere  Packungsdichte  und  die  damit  verringerten 
Porendurchmesser  entsteht.  Die  Gase  stromen  langsamer  ab;  dies  fuhrt  zu  einer  Druck- 
steigerung  im  Rohrchen  und  zu  einer  schwacheren  Warmeabfuhr  aus  der  Reaktionszone. 


Bild  2  Umsatzgeschwindigkeiten  r  der  AZM  unterschiedlicher 

KorngroBenfraktionen  in  Abhangigkeit  von  der  Schuttdichte  p. 
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3  Untersuchung  der  Anzundschwaden 


Zur  Beurteilung  der  Eigenschaften  der  Anzundschwaden  wurde  eine  Versuchsapperatur  mit 
2  cm^  Fullvolumen  aufgebaut,  die  es  erlaubt,  AZM-Pulver  kontrolliert  anzuzunden  und 
einen  definierten  Schwadenstrahl  zu  erhalten.  Dabei  wurden  ahniiche  Lochdurchmesser 
gewahit,  wie  sie  z.B.  bei  der  Anzundeinheit  Kaliber  76  mm  auftreten.  Dieser  Strahl  kann 
mit  optischen  MeBmethoden  auf  Art,  Temperatur  und  Geschwindigkeit  von  Gas-  und 
Partikein  untersucht  warden  Oder  auf  ein  im  bestimmten  Abstand  befestigtes  Pulverkorn 
gerichtet  warden,  urn  das  Anzundverhalten  des  Puivers  wahrend  der  Anzundphase  zu 
beobachten. 


3.1  Aufbau 

Das  Gehause  der  Apparatur  wurde  aus  Stahl  gedreht.  Das  Fullvolumen  betragt  2  cm^  und 
erlaubt  eine  Befullung  mit  verschiedenen  Ladedichten.  Ein  Bodenteil  aus  Perdinax  erlaubt 
die  elektrisch  isolierte  Durchfuhrung  von  zwei  Anzundelektroden  mit  1  cm  Abstand.  Bild  3 
zeigt  eine  Schemazeichung  der  Apparatur.  Das  Gerat  ist  modular  aufgebaut,  so  dal3  ohne 
groBe  Anderungen  das  Fullvolumen  variiert  werden  kann.  Die  Modulteile  sind  gegenseitig 
verschraubt  und  erlauben  ein  einfaches  und  schnelles  befullen.  Dadurch  konnen  auch 
umfangreiche  Versuchsreihen  schnell  durchgefuhrt  werden. 

Durch  Austausch  der  oberen  Lochplatte  kann  die  Klemmung  variiert  werden,  Sinnvolle 
Durchmesser  liegen  bei  1  bis  5  mm.  Zwischen  Blende  und  Pulver  wird  eine  dunne 
Aluminium-  Oder  Kunststofffolie  gelegt,  urn  einen  definierten  Austrittstrahl  der  Schwaden 
ab  einem  bestimmten  Innendruck  zu  gewahrleisten. 


1  VerschluB 
2a  Platte 
2b  Alu-Folie 

3  Mantel 

4  Pertinax 

5  Bodenplatte 


Bild  3  Apperatur  zur  Untersuchung  von  Anzundschwaden 


Die  Anzundung  erfoigt  nach  dem  Prinzip  der  Kondensatorentladung  Gber  einen 
Anzundraht  aus  einer  Nickellegierung.  Er  ist  uber  eine  Strecke  von  10  mm  doppelt 
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gewickelt  und  wird  zwischen  den  beiden  Elektroden  eingeklemmt.  Der  gleiche  Draht  wird 
technisch  in  der  Kalorimetrie  eingesetzt  und  weist  einen  Brennwert  von  nur  6  J/cm  auf.  Die 
zugeftihrte  Energie  ist  wesentlich  geringer  als  der  Energieinhalt  der  eingefullten 
Anzundmischungen  und  beeinfluBt  kaum  dasVerhalten  des  AZM. 


3.2  Ergebnisse 

Es  wurden  20  Versuche  mit  unterschiedlichen  Modell-AZM  durchgefijhrt.  Dabei  wurden  die 
Klemmung  und  Ladedichte  variiert.  Tabelle  2  faBt  den  Versuchsplan  zusammen.  Eingesetzt 
wurden  Schwarzpulver,  eine  konventionelle  B/KNOj-Mischung  mit  einer  angegebenen 
Zusammensetzung  von  66.7-72.7%  KNO3,  22.2-25.2%  Bor,  4. 6-6.6%  Binder  und  die  o.a. 
B/KNOj-Mischungen  mit  verschieden  groBen  KNOj-Partikel.  Bei  den  Versuchen  7  und  8 
wurde  der  Schwadenstrahl  auf  ein  JA2-Pulverkorn  gelenkt.  Die  Versuche  wurden  mit 
Videokamera  verfoigt.  Beim  Abspielen  der  Videos  im  Einzelbildmodus  erwies  sich  die 
Videogeschwindigkeit  von  25  Bildern  pro  Sekunde  als  gerade  noch  ausreichend,  urn  die 
Strahlausbreitung  zu  verfolgen. 

Tabelle  2  Versuchplan  zum  Einfahren  des  AZM-Test-Moduls 


V-Nr 

Stoff 

KorngroSe 
in  pm 

Ladegewicht 

ing 

Klemmungs- 
durchmesser 
in  mm 

Bemerkung 

1 

BKN03 

3 

0.5 

4 

2 

BKN03 

3 

0.5 

4 

3 

SP 

0.5 

4 

4 

SP 

0.5 

4 

5 

SP 

0.75 

4 

6 

SP 

0.75 

4 

7 

SP 

0.5 

4 

+JA2 

8 

SP 

0,5 

4 

+JA2 

9 

SP 

0.5 

1 

10 

SP 

0.5 

2 

11 

SP 

0.3 

1 

12 

SP 

0.3 

2 

13 

SP 

0.3 

4 

14 

BKN03 

3 

0.3 

2 

15 

BKN03 

3 

2 

16 

BKN03 

6 

0.3 

2 

17 

BKN03 

6 

0.3 

2 

18 

BKN03 

12 

0.3 

2 

19 

BKN03 

LOS  S/X/08/95 

0.3 

2 

20 

BKN03 

LOS  S/X/08/95 

0.3 

2 
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Bild  4  Videoprints  von  der  Anzundung  eines  JA2-Puiverkorn  mit 
Schwarzpuiverschaden  (25  Bilder/s) 


Als  sinnvolles  Ladegewicht  erwiesen  sich  0.3  g  (A=0.1 5)  bei  einer  Klemmungsdurchmesser 
von  2  mm.  Dabei  war  der  Schwadenstrahl  einerseits  deutlich  ausgepragt,  aber  fur 
weiterfuhrende  Untersuchungen  noch  nicht  zu  groB.  Die  Reproduzierbarkeit  der 
Strahlausdehnung  war  in  alien  Fallen  zufriedenstellend.  Der  Strahl  zundet  JA2  an,  wie  Bild  4 
eindrucksvoll  veranschaulicht.  Dargestellt  ist  eine  mit  Video  aufgenommene  Bildfolge  mit 
40  ms  Zeitabstand  und  einer  Belichtungszeit  von  1/4000  s. 

Obwohl  die  Versuche  in  erster  Linie  dem  Test  der  Apparatur  dienen  sollten,  konnten  einige, 
erste  Ergebnisse  erzielt  werden.  Dies  betrifft  im  wesentlichen  Aussagen  uber  die 
Strahlgeometrie  in  Abhangigkeit  von  den  AZM-Substanzen,  der  Klemmung,  und  der 
mittleren  KorngrdBe. 


a) 


b) 


0 


Bild  5  Vergleich  des  Schwadenstrahls  eines  Schwarzpulvers  (a)  mit  einem 

konventionel-len  B/KN03  Anziindmischung  (b,  c)  zum  Zeitpunkt  maximaler 
Ausdehnung 


In  Bild  5  werden  die  Schwadenstrahlen  zwischen  einem  Schwarzpulver  (a)  und  einer 
konventionellen  BKNO3-AZM  (b)  zum  Zeitpunkt  maximaler  Ausdehnung  verglichen.  Bild  5c 
zeigt  den  BKNOj-Strahl  80  ms  spater.  Die  Klemmungsoffnung  betrug  2  mm  und  die 
Ladedichte  A=0.1 5.  Schwarzpulver  ergibt  einen  eng  begrenzten,  relativ  schwach 
leuchtenden  Strahl.  Am  Rand  sind  einige  einzelne,  leuchtende  Partikel  zu  erkennen.  Der 
Strahl  erscheint  nur  in  3  aufeinanderfolgenden  Videobildern;  daraus  ergibt  sich  eine 
Reaktionsdauer  von  etwa  100  ms.  Der  Strahl  des  BKNO3  ist  wesentlich  heller  und  breiter. 
Augenscheinlich  enthalt  er  eine  erheblich  hohere  Partikelmenge.  Dies  wird  auch  durch  die 
Aufnahme  80  ms  danach  dokumentiert.  Man  erkennt  viele,  uber  die  Flache  des  ehemaligen 
Strahls  verteilte  Leuchtpunkte,  die  erst  nach  weiteren  200  ms  vollstandig  erloschen.  Es 
handelt  sich  urn  Borpartikel,  die  in  der  Luft  nachverbrennen. 
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a)  b)  c) 


Bild  6  Screenshot  des  Schwadenstrahls  bei  Schwarzpulver  zum  Zeitpunkt 

maximaler  Ausdehnung  bei  unterschiedlichen  Offnungsdurchmessern; 
a)  1  mm,  b)  2  mm,  c)  4  mm. 


Den  EinfluB  der  Klemmung  auf  den  Schwadenstrahl  eines  Schwarzpulvers  (A=0.1 5)  ist  in 
Bild  6  dargestellt.  Die  Offnungsdurchmesser  betrugen  1,  2  und  4  mm.  Die  Lange  des 
leuchtenden  Schwadenstrahls  verhalt  sich  etwa  proportional  zur  Klemmungsoffnung.  Die 
hellgelbe  Strahlung  wird  von  heiBen  Kleinstpartikein  hervorgerufen,  d.  h.  bei  kleineren 
Offnungen  verbrennen  die  Schwarzpulverkorner  schneller  als  bei  groBen.  Dafur  muB  der 
hohere  Innendruck  im  Modul  verantwortlich  gemacht  werden,  der  ahniiche  Effekte 
hervorruft,  wie  sie  im  Abschnitt  2  beschrieben  sind.  Bei  kleinen  Klemmungsoffnungen 
andert  sich  die  Strahibreite  nicht.  Erst  ab  relativ  groBen  Offnungsradien  fachert  der 
leuchtende  Anteil  des  Strahles  auf.  Wahrscheinlich  werden  mehr  Partikel  des  AZM  aus  der 
Brennkammer  geschleudert. 
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Bild  7  Screenshot  des  Schwadenstrahls  bei  B/KN03-Pulvern  zum  Zeitpunkt 
maximaler  Ausdehnung  und  verschieden  groBen  KNOj-Partikeln 
a)  x50(KNO3)  =  3  pm,  b)  x50(KNO3)  =  6  pm,  c)  x50(KNO3)  =  12  pm. 


Auch  die  PartikelgrdBe  des  Kaliumnitratpulvers  weist  einen  deutlichen  EinfluB  auf  den 
Schwadenstrahl  aus  (Bild  7).  Bei  feinerer  KN03-Aufmahlung  endet  die  leuchtende 
Hauptreaktionszone  kurz  nach  der  Austrittsoffnung  (Bild  7a).  Erst  einige  Zentimeter  daruber 
erscheinen  einige  leuchtende  Partikel.  Vermutlich  handelt  es  sich  hier  wiederum  urn  nicht 
verbrannte  Borpartikel,  die  durch  den  heiBen  Gasstrahl  erwarmt  werden  aber  erst  bei 
ausreichender  Umgebungsluft  anzunden  und  nachverbrennen.  Der  leuchtende  Teil  des 
Strahls  ist  urn  so  langer,  je  groBer  die  KNOj-Partikel  sind.  Dabei  steigt  die  Zahl  der 
nachverbrannten  Borpartikel  an.  Die  Abbrandreaktion  scheint  langsamer  abzulaufen, 
obwohl  alle  drei  AZM  die  gleiche  Zusammensetzung  aufweisen.  So  fuhren  die 
Beobachtungen  zu  der  Annahme,  daB  nur  die  kleinen  KN03-Partikel  schnell  genug 
ausreichend  Oxidationssauerstoff  abgeben  kdnnen,  urn  das  Bor  vollstandig  zu  verbrennen. 
Nur  bei  hohen  Kornaufmahlungen  lauft  die  Reaktion  vollstandig  in  der  inneren  Kammer 
statt. 
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EFFECT  OF  CRYSTAL  DEFECTS  ON  REACTIVITY  OF  ENERGETIC 
MATERIALS:  1.  THE  EFFECT  OF  MECHANICAL  DEFORMATION. 


Rogers  Longjohnt  and  Michael.  Cartwrightf 


ABSTRACT 


The  impact  sensitivity  of  mechanically  deformed  RDX  have  been  performed  on  the 
Rotter  Impact  Tester.  Mechanical  deformation  was  brought  about  by  dropping  a  5  kg 
weight  on  the  samples  from  a  height  below  the  Median  Drop  Height  (M.D.H.)  of  pure 
RDX.  Increasing  the  Initial  Impact  Height  (I.I.H.)  from  20  cm  to  about  80  cm  produced  a 
corresponding  increase  in  sensitisation  of  the  RDX  as  measured  by  a  reduction  in  the 
M.D.H.  for  second  and  final  impacts.  Above  an  I.I.H.  of  80  cm,  reduced  sensitisation 
occurred  and  a  slightly  higher  impact  height,  although  still  less  than  that  for  the  original 
RDX  sample,  was  then  required  to  bring  about  an  i^tion  event. 

These  results  can  be  explained  assuming  that  the  initial  impact  sensitises  RDX  by 
increasing  the  dislocation  pile-up  concentration  (potential  hot  spots)  and  hence  reducing 
the  required  height  for  a  subsequent  ignition  event.  The  dislocation  pile-up  theory 
sufiSciently  describes  the  sequence  of  events  from  an  I.I.H.  of  20  cm  up  to  an  I.I.H.  of  80 
cm.  Above  an  I.I.H.  of  80  cm  blunting  of  the  initial  pile-up  sets  in  -  effectively  reducing 
the  initial  stress  concentration  which  existed  at  the  pile-up.  Consequently,  a  slightly 
higher  impact  height  was  required  to  bring  about  an  ignition  event  when  compared  to 
samples  initially  impacted  just  below  80  cm. 


f  Depaitment  of  Environmental  Ordinance  Systems,  Craniield  University,  Royal  Militaiy  College  of  Science, 
Shrivenham^  Swindon,  Wiltshire,  UK  SN6  SLA. 
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1.  INTRODUCTION 


During  impact  testing  of  solid  explosives  hot  spots  can  be  generated  from  the  adiabatic 
compression  of  the  trapped  gases  and  friction  between  the  crystal  particles^'l  The 
hardness,  particle  size  and  habit  of  the  explosive  crystals  can  also  act  to  enhance  the 
explosive  sensitivity.  On  the  atomic  scale  crystal  defects,  such  as  substitutional  and 
interstitial  impurity  atoms,  dislocation  lines,  stacking  faults  and  grain  boundaries  also 
affect  sensitivity  of  crystalline  explosives.  This  work  was  undertaken  in  an  effort  to 
understand  the  role  of  crystal  defect  in  the  sensitivity  of  energetic  material. 

There  are  a  number  of  convenient  techniques'^'  that  can  be  used  to  increase  the 
concentration  of  defects  above  the  thermal  equilibrium  concentration.  These  include 
plastic  deformation,  quenching  from  high  temperature,  alloying  or  doping  and  irradiation 
with  energetic  particles.  This  paper  investigates  the  effect  of  mechanical  deformation  on 
the  sensitivity  response  of  RDX.  Initiation  of  crystalline  explosives  by  impact  is  via  a 
mechanism  in  which  extremely  localised  plastic  deformation  zones  resulting  from  shear 
stresses  cause  a  pile-up  of  dislocation  and  act  as  sources  of  hot  spots''*^'.  Consequently, 
pre-existing  dislocation  pile-up,  previously  introduced  by  mechanical  deformation,  could 
be  expected  to  enhance  an  explosive  response  to  impact.  Rotter  impact  testing  is  one  of 
the  standard  method  for  the  evaluation  of  impact  sensitivity  of  energetic  materials'"*'. 


2.  LITERATURE  SURVEY 


During  the  impact  of  most  crystalline  solids  the  resulting  dislocation  movement  causes 
lattice  perturbations  which  generate  a  phonon  field.  The  radiated  phonon  can  be  locally 
concentrated  to  form  hot  spots  which  in  turn  can  influence  the  mechanical  strength,  as 
well  as  other  properties,  of  the  solid.  Early  work  on  the  heat  generated  by  a  moving 
dislocation'^*®'  found  small  temperature  increases  in  commercial  grade  aluminium  - 
between  4.7  and  14.3  °C,  and  between  25.2  and  79.5  “C  for  a  structural  aluminium  alloy. 
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Recent  modification  of  these  earlier  results  -  through  a  correction  factor  -  to  allow  for 
much  higher  temperature  increases  have  been  reported  by  Coffey  and  Armstrong^’';  their 
observations  were  based  on  experiments  on  rapidly  deformed  crystals  of  sodium  chloride. 
More  recently,  C.  S.  Coffey'*'  have  derived  a  quantum  mechanical  expression  for  the 
phonon  energy  (E)  generated  by  a  moving  dislocation  and  fi-om  the  equation  he  estimated 
the  local  energy  and  temperature  produced  by  a  moving  dislocation  in  RDX  as  4.6  x  10"'* 
J  and  185  °C  respectively,  stressing  the  fact  that  these  are  only  approximate  calculations 
since  some  of  the  imput  values  are  not  accurately  known.  However,  fi-om  their  rough 
estimate,  a  much  higher  temperature  was  predicted  with  this  model.  Figure  1  is  a 
schematic  representation  of  the  microstructural  changes  within  RDX  explosive  crystals 
during  drop  weight  impact  loading  giving  rise  to  the  generation  of  localised  hot  spots'®'. 
On  the  microscale,  localised  heating  in  a  material  is  believed  to  result  from  adiabatic 
collapse  of  dislocation  pile-up  avalanche'®  *  This  model  predicts  a  greatly  increased 
heating  effect  if  the  dislocations  are  first  arranged  in  a  static  pile-up  configuration  within 
a  slip  band  with  subsequent  sudden  release  as  in  a  catastrophic  avalanche.  Other  factors 
which  can  influence  an  explosive  response  to  impact  are  discussed  elsewhere'"' "  * 


Drop  Weight 


Figure  1.  High  Rate  Localised  Shearing  of  RDX  Explosive  Crystals. 
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3.  EXPERIMENTAL  PROCEDURES 
MULTIPLE  IMPACT  TESTING 


Standard  RDX  (AsRd-RDX)  supplied  by  DERA,  Fort  Halstead  was  used  for  these 
experiments.  It  was  oven  dried  at  80  °C  under  a  vacuum  of  »  900  mbar  (675  Torr)  and 
stored  in  a  desiccator  with  no  further  treatment.  The  Rotter  Impact  Machine^''^  was  used  to 
carry  out  the  testing.  Double  impacts  were  carried  out  on  each  sample.  The  Initial  Impact 
Height  (I.I.H.)  was  chosen  such  that  no  ignition  event  was  possible;  i.e.  a  height  well 
below  or  not  higher  than  the  Median  Drop  Height  (M.D.H.)  of  RDX  -  which  is  120  cm.  A 
second  and  final  impact  on  each  batch  of  samples  from  each  I.I.H.  was  then  carried  out  to 
determine  the  0  %  ignition  height  and  the  100  %  ignition  height,  along  with  intermediate 
mixed  response  heights  (Yes/No  ignition  events)  at  10  cm  intervals  to  obtain  typical 
response  curve  of  the  type  shown  in  Figure  2.  A  whole  spectrum  of  I.I.H.  was  looked  at;  0 
cm  to  120  cm,  at  20  cm  intervals.  Evidence  of  a  positive  impact  response  was  determined 
by  using  the  usual  standard  gas  evaluation  criteria^^'. 


SCANNING  ELECTRON  MICROSCOPY  (SEMI 

Samples  from  two  extremes,  one  from  an  I.I.H.  of  20  cm  and  another  from  an  I.I.H.  of  80 
cm,  recovered  from  the  multiple  impact  testing,  were  examined  under  the  SEM  (JOEL 
JSM  -  T300A)  for  structural  damage  resulting  from  the  initial  impact.  An  attempt  was 
also  made  to  obtain  evidence  of  adiabatic  shearing.  In  order  to  facilitate  this,  some  of  the 
sample  was  deliberately  gently  tapped  into  smaller  half  flakes  to  allow  some  sideways 
viewing  and  to  allow  the  assessment  internal  damage;  the  rest  of  the  samples  were 
mounted  with  care  to  preserve  the  damaged  surfaces  as  they  were  just  after  impact. 
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4.  RESULTS  AND  DISCUSSION 
MULTIPLE  IMPACT  TESTING 
ROTTER  IMPACT  RESULTS 

Figure  2  shows  a  typical  response  curve  for  the  AsRd-RDX  -  Median  Drop  Height 
(M.D.H.)  =  120  cm;  obtained  from  single  impact  experiments  i.e.  Initial  Impact  Height 
(I.I.H.)  =  0  cm.  During  multiple  impact  testing,  the  sample  remained  in  the  test  cell  after 
the  first  impact  and  the  impacting  weight  was  readjusted  to  a  new  height  for  the  second 
and  final  impact.  The  second  impact  occurred  within  twenty  seconds  after  the  first 
impact.  Some  significant  sensitisation  of  the  AsRd-RDX  occurred  even  at  a  very  low 
I.I.H.  of  20  cm.  Figure  3  (a)  and  (b)  show  the  combined  effect  impact  loading  on  the 
AsRd-RDX  as  the  I.I.H.  is  progressively  increased  from  0  to  120  cm,  and  Figure  4  is  a 
trace  of  the  M.D.H.  for  all  the  samples  tested  versus  the  corresponding  I.I.H.. 

OPERATIVE  MECHANISM  DURING  IMPACT  LOADING 


Ljungberg^'^'  first  observed  a  sharp  drop  in  pressure  during  the  impact  of  PETN,  but  it 
was  Heavens  and  Field^^*  who  correctly  attributed  this  phenomenon  to  material  flow 
resulting  from  the  impact  energy.  The  proposed  mechanism  to  account  for  the  changes 
observed  in  the  sensitivity  response  of  the  AsRd-RDX  at  different  I.I.H.  is  be  based  on 
the  material  flow  of  the  sample  resulting  from  the  impact  energy  via  the  Dislocation  Pile- 
up  Theory.  As  the  I.I.H.  was  progressively  increased  some  energy  localisation 
(dislocation  pile-up)  occurred  up  to  a  certain  point  depending  on  the  magnitude  of  the 
impact  energy.  This  energy  localisation  is  possible  due  to  the  formation  of  adiabatic  shear 
banding^’^'  resulting  from  the  mechanical  deformation;  grain  boundaries  are  also  a  good 
means  of  generating  and  pinning  dislocations  -  leading  to  the  formation  of  Unstressed 
Single  Pile-up  of  dislocation  on  removal  of  the  initial  impacting  load  -  Figure  5.  Particle 
fragmentation  resulting  from  the  mechanical  failure  also  brings  about  the  creation  of  new 
surfaces  or  a  mosaic  structure  which  act  as  grain  boundaries  -  effectively  increasing 
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Figure  5.  Single  Pile-up  in  the  Absence  of  Stress. 

dislocation  pile-up  activity  and  as  a  result  potential  hot  spots  are  thus  created. 
Consequently,  a  moderately  high  subsequent  impact  height  (between  15  and  50  %  less 
than  the  M.D.H.  of  the  AsRd-RDX  -  depending  on  the  I.I.H.  used)  is  required  to  bring 
about  an  explosion  event. 

With  reference  to  the  sensitisation  curve  of  Figure  4,  the  above  dislocation  pile-up  theory 
adequately  describes  the  sequence  of  events  from  an  I.I.H.  of  20  cm  up  to  an  I.I.H.  of  80 
cm;  i.e.  increasing  the  I.I.H.  from  20  cm  to  about  80  cm  produces  a  corresponding 
increase  in  sensitisation  of  the  AsRd-RDX  by  increasing  the  dislocation  pile-up 
concentration  (potential  hot  spots)  and  hence  reducing  the  required  drop  hei^t  for  a 
subsequent  ignition  event.  Above  an  I.I.H.  of  80  cm,  reduced  sensitisation  (still  greater 
than  untreated  RDX)  occurs  and  a  slightly  higher  impact  height  was  then  required  to 
bring  about  an  ignition  event;  hence,  the  pile-up  theory  breaks  down  at  this  point  and  a 
different  mechanism  is  then  required  to  accoimt  for  the  observed  impact  response  above 
the  I.I.H.  of  80  cm. 

OPERATIVE  MECHANISM  ABOVE  U.K  OF  80  cm 


Microhardness  indentation  studies  on  RDX  crystals  have  been  carried  out  by  a  number  of 
worker  including  P.  J.  Hal:^enny  et  al.  Elban  and  Armstrong'^'  and  J.  K.  A.  Azumu 
et  al.  and  a  well  define  primary  slip  system  have  been  reported  as  (010)  with 
limiting  possible  dislocations  with  Burgers  vectors^'*^,  b,  of  [001],  [100]  and  [101]  (1.07, 
1.359  and  1.690  nm,  respectively).  There  is  also  evidence  for  a  secondary  slip  system,  but 
controversy  surrounds  the  exact  slip  plane  for  this  system.  Elban  and  Armstrong^^^ 


proposed  a  {021}  primary  slip  system  following  indentation  and  etching  studies  of  only 
the  {021}  faces.  P.  J.  Hal^eimy  et  al.  have  put  forward,  from  their  extensive  studies  on 
different  faces  of  RDX  facets,  a  (021)  or  (Oil)  secondary  slip  plane  since  both  plane 
intersect  the  (001)  faces  in  a  line  parallel  to  [100]  direction.  However,  more  evidence 
from  their  work  have  led  them  to  nominate  the  (011)  plane  as  the  most  likely  slip  plane 
rather  than  the  (021)  plane.  A  Molecule  of  RDX  is  shown  in  Figure  6  (a),  and  the  unit  cell 
of  RDX  is  shown  in  Figure  6  (b).  Figure  7  is  a  schematic  diagram  of  the  operative  slip 
planes  in  RDX  unit  cell. 


Figure  7.  Directions  and  Planes  in  RDX.  (a)  Three  Orthogonal  Directions,  (b)  the  (010)  Primary 
Slip  Plane,  and  the  (01 1)  Secondary  Slip  Plane,  (c)  the  (021)  Secondary  Slip  Plane. 
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For  a  crystalline  material  with  a  high  stacking  fault  energy  such  as  RDX,  the  possibility  of 
glide  dislocation  pile-ups  becoming  BLUNTED  are  favourable  at  sufficiently  high 
stresses  during  plastic  flow.  Cross  slip  (requiring  a  secondary  slip  system)  or  operation  of 
new  dislocation  sources  near  the  dislocation  pile-up  tip  are  responsible  for  such 
processes^^'^  Figure  8  is  a  schematic  representation  of  a  glide  pile-up  blunting.  Although 
the  dislocation  in  tangle  (i.e.  blunted)  do  not  resemble  an  ideal  pile-up  (Figure  5),  the 
long-range  stress  field  at  distances  greater  than  the  length  of  the  “tangled”  pile-up  is 
similar  to  the  ideal  pile-up  results.  Only  at  the  spearhead  of  the  tangle  pile-up  are  the 
stresses  reduced  by  blunting. 
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Figure  8.  Blunting  of  a  Glide  Pile-up. 

It  is  possible  that  as  the  I.I.H.  is  increased  above  80  cm,  blunting  of  the  ideal  dislocation 
pile-up  occurs  in  these  samples  of  RDX  -  thus  reducing  the  stress  concentration  at  the  tip 
of  the  pile-up  and  hence  a  slightly  higher  subsequent  impact  height  was  required  to 
initiate  explosion  events  in  these  samples. 

SCANNING  ELECTRON  MICROSCOPY  fSEMl  STUDIES 
SAMPLES  FROM  AN  LI.H.  OF  20  cm 


Figure  9  (a)  and  (b)  are  electron  micrographs  of  samples  of  AsRd-RDX  recovered  from 
the  brass  cap  used  in  the  Rotter  testing.  The  remaining  micrographs  are  selected  areas  of 
the  above  mentioned  two  samples.  Figure  9  (c)  is  a  magnified  top  central  region  (arrow 
pointing  downwards)  of  Figure  9  (a).  On  this  micrograph  (Figure  9  (c))  a  typical  brittle 
fracture  surface,  multiple  cleavage-type  fracture,  can  be  seen  on  the  right;  and  on  the  top 
lefr  -  evidence  of  shear  banding  can  clearly  be  seen;  a  magnified  version  is  shown  in 
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Figure  9  (d).  At  even  higher  magnifications,  the  flat  surface  of  Figures  9  (a)  appears  to  be 
completely  covered  with  tiny  line  of  cracks,  and  inclusions  -  highlighted  with  arrows  - 
which  were  forced  to  the  surface  by  the  impacting  load,  can  also  be  seen  in  Figxire  9  (e). 
Figure  9  (f)  is  a  magnified  micrograph  of  an  area  of  Figure  9  (b)  (arrow  pointing 
upwards)  where  a  brittle  fracture  surface  and  particle  inclusions  (lifter  in  contrast)  can 
be  seen. 

SAMPLES  FROM  AN  LLH.  OF  80  cm 

Figure  10  (a)  is  an  electron  micrograph  of  recovered  AsRd-RDX  sample  after  an  initial 
impact  from  80  cm.  A  magnified  region  which  is  indicated  by  the  arrow  pointing  upwards 
in  Figure  10  (a)  is  shown  in  Figure  10  (b);  a  dense  structure  with  what  appears  to  be 
microcracks  are  obvious  -  a  magnified  version  is  shown  in  Figure  10  (c).  At  even  higher 
magnifications.  Figure  10  (d)  reveals  a  whole  series  of  tiny  protrusions;  they  appears  to  be 
perfectly  aligned  in  one  direction.  The  reason  for  or  the  significance  of  these  aligned 
protrusion  are  not  clearly  understood  yet;  work  is  in  progress  to  find  out  more  about  this 
effect.  What  appeared  initially  as  tiny  microcracks  are  actually  filled  with  previously 
molten  material  -  they  are  mostly  glassy  in  appearance.  A  large,  previously  liquefied 
region  is  also  indicated  by  the  arrow.  Figure  10  (e)  and  (f)  are  images  of  a  piece  of  sample 
on  Figfire  10  (a)  indicated  by  the  arrow  pointing  downwards.  Here  again  there  are  a  large 
collection  of  previously  molten  regions.  It  is  highly  likely  that  these  were  a  result  of 
melting  at  the  tip  of  propagating  cracks  -  causing  the  thermal  decomposition  of  the 
surrounding  material  during  mechanical  deformation.  P.  G.  Fox  &  J.  Soria-Ruiz^^^  have 
studied  fracture-induced  thermal  decomposition  in  brittle  crystalline  solids.  By  relating 
the  amount  of  decomposition  to  the  fracture  velocity  and  the  kinetics  of  thermal 
decomposition  of  each  material,  a  figure  for  the  crack  tip  temperature  was  deduced  in 
each  case  that  was  investigated.  K.  N.  G.  Fuller  et  al.  have  also  reported  a  temperature 
rise  of  about  500  K  at  the  tip  of  fast-moving  cracks  in  polymethyl-methaciylate.  More 
recently,  W.  L.  Elban  et  have  reported  on  the  observation  of  a  decomposition 

product  -  R-Salt  -  from  impacted  samples  of  RDX. 
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Figure  9.  Recovered  Samples  of  AsRd-RDX  after  an  I.I.H.  of  20  cm. 
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Figure  10.  Recovered  Samples  of  AsRd-RDX  after  an  I.I.H.  of  80  cm. 
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5.  CONCLUSIONS 

Mechanical  deformation  of  RDX  crystals  via  impact  loading  results  in  the  RDX  being 
sensitised.  Increasing  the  I.I.H.  from  20  cm  to  about  80  cm  produces  a  corresponding 
increase  in  sensitisation  of  the  AsRd-RDX  by  increasing  the  dislocation  pile-up 
concentration  (potential  hot  spots)  and  hence  reducmg  the  required  drop  height  for  a 
subsequent  ignition  event.  Above  an  I.I.H.  of  80  cm,  reduced  sensitisation  occurs  and  a 
slightly  higher  impact  height  was  then  required  to  bring  about  an  ignition  event. 


The  dislocation  pile-up  theory  suflSciently  describes  the  sequence  of  events  from  an  I.I.H. 
of  20  cm  up  to  an  I.I.H.  of  80.  Above  an  I.I.H.  of  80  cm,  reduced  sensitisation  may 
indicate  the  operation  of  a  different  mechanism  where  blunting  of  the  initial  dislocation 
pile-up  occurs  -  effectively  reducing  the  initial  stress  concentration  which  existed  at  the 
pile-up.  Consequently  a  slightly  hi^er  impact  height  is  required  to  bring  about  an 
ignition  event. 

SEM  studies  on  samples  impacted  at  an  I.I.H.  of  20  cm  revealed  typical  brittle  fracture 
surfaces;  evidence  of  shear  banding,  cracks  and  foreign  inclusion  were  also  found. 
Studies  on  samples  impacted  at  an  I.I.H.  of  80  cm  showed,  in  addition  to  the  observations 
mentioned  for  samples  impacted  at  an  I.I.H.  of  20,  that  the  cracks  were  filled  with 
previously  molten  material  believed  to  be  a  known  decomposition  product  of  thermally 
degraded  RDX. 
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Characterization  of  eiectro-expioded  aiuminum 
(Aiex) 

Roland  Sanden,  Defence  Research  Establishment,  FOA,  Sweden 


Abstract 

A  nanostructured  aluminum  material,  ’’Alex”,  from  the  Argonide  Corporation,  USA,  has 
been  studied  with  the  aim  of  using  it  both  as  fuel  in  high  explosives  and  in  rocket 
propellants. 

The  Alex  material  is  much  easier  oxidized  than  ordinary  aluminum  is.  Differential 
scanning  calorimetry  measurements  show  that,  when  heated  in  air,  the  Alex  material  is 
partly  oxidized  resulting  in  a  large  exotherm  starting  at  around  450®C.  With  an  ordinary 
aluminum  powder.  A- 100  from  Carlfors  Bruk,  Sweden,  a  much  smaller  exotherm  is 
obtained. 

Microcalorimetry  measurements,  carried  out  at  65®C  and  at  45®C,  show  that  Alex  has  good 
stability  in  dry  air  but  that  it  reacts  quickly,  though  not  vigorously,  at  high  relative 
humidity,  releasing  much  heat. 

The  BET  surface  area  for  a  sample  of  Alex  was  measured  to  about  12  m^. 

Drop  weight  tests  indicate  that  the  Alex  material  has  a  very  low  sensitivity  to  impact.  Tests 
were  carried  out  both  on  the  pure  material  and  on  HTPB/AP  propellants  containing  10% 
Alex. 

The  experiments  carried  out  so  far  shows  that  Alex  reacts  easily  with  oxygen  and  water.  A 
substantial  part  of  it  is  easily  oxidized  at  temperatures  far  below  the  melting  point.  It  can, 
however,  be  handled  with  safety.  It  seems  to  be  well  worth  to  continue  with  further  studies 
on  this  material. 
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Introduction 

The  phenomenon  of  electro-explosion  of  a  metal  wire  (EEW)  has  been  much  studied  in  recent 
years.  Reports  in  international  symposia  and  numerous  articles  in  scientific  magazines  have 
been  published.  However,  not  much  have  been  published  on  producing  fine  aerosols  and  on 
research  on  the  properties  of  the  materials  produced.  In  1996,  properties  of  a  type  of  ultra-fine 
aluminum  powder,  formed  by  the  EEW  process,  was  reported  [1].  The  material  was  called 
’’Alex”.  According  to  this  report,  after  1970,  studies  started  in  the  High  Voltage  Institute  in 
Tomsk,  Russia,  on  the  production  of  ultra-fine  aluminum  particles  by  the  EEW  process.  In 
these  experiments  the  explosion  of  the  wire  was  achieved  by  powerful  impulses  of  electrical 
current  in  a  vessel  filled  with  a  non  oxidizing  gas  of  either  hydrogen,  argon  or  helium,  and  the 
particles  were  collected  by  sedimentation.  The  material  is  now  made  also  by  the  Argonide 
Corporation  in  Florida,  USA.  It  is  suggested  to  be  used  as  a  fuel  in  pyrotechnics,  explosives 
and  propellants.  In  1996,  studies  of  a  superfine  aluminum  material,  ”SA1”,  was  reported  in 
China  [2].  The  SAl  material  may  be  similar  to  the  Alex  material. 

By  using  ultra-high  resolution  scanning  electron  microscopy  the  Alex  powder  was  shown  to 
consist  of  irregular  clumps  of  small  particles,  approximately  50-100  nm  in  size,  with  a 
substantial  amount  of  crystal  defects.  In  the  act  of  exotherming,  the  recrystallization  offers 
remarkable  new  surface  for  reactions  with  oxidizers  as  in  propellant  mixes,  and  even  fast 
enough  to  contribute  to  reactions  in  high  explosives”  (letter  from  the  Argonide  Corp.).  A 
coating  of  oxide  of  about  3  nm  on  the  particles  was  also  shown.  Chemical  analysis  showed 
that  the  powder  consisted  of  about  92-95%  aluminum.  Thermal  analysis  (DTA)  indicated  that 
the  material  contains  some  conserved  energy  which  in  these  experiments  was  released  when  it 
was  heated  to  about  450®C. 

Possible  applications  for  the  Alex  material  could  be  to  increase  the  reaction  rate  in  explosives. 
It  is  of  special  intererest  for  under-water  weapons,  where  ordinary  aluminum  may  react  too 
slowly  and  in  rocket  propellants  when  high  burning  rates  are  of  great  importance.  A  problem 
that  occures  with  aluminum  containing  composite  propellants  is  that  when  the  charges  burn  in 
rocket  motors,  the  particles  of  aluminum  melt  and  agglomerate  to  large  droplets.  These 
droplets  generally  do  not  bum  completely  within  the  engine  resulting  in  a  substantial  loss  in 
performance.  In  this  case  a  type  of  aluminum  with  special  burning  properties  like  Alex,  is  of 
interest  [1]. 


Experiments 

The  Alex  material 

The  Alex  material  was  used  as  received.  It  is  a  fine  gray  powder.  It  was  delivered  carefully 
sealed  in  polyethylene  containers,  with  about  0.23  kg  of  the  material  in  each.  The  bulk  density 
is  said  to  be  about  1 .0  g  /cm^  and  the  particle  size  about  70-100  nm.  In  preliminary 
experiments  at  FOA  the  volume  weight  was  found  to  be  0.34  g/cm^  when  the  powder  was 
poured  over  into  a  graduated  measuring  glass  and  slightly  shaken.  By  light  compressing  of  the 
powder,  manually  in  a  cylinder,  the  volume  weight  was  increased  to  0.92  g  /cm^. 

Results  from  elemental  analysis  performed  at  different  laboratories  differed  a  lot.  At  Carlfors 
Bruk,  Sweden,  a  method  based  on  treatment  of  the  sample  with  sodium  hydroxide  was  used. 
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The  amount  of  hydrogen  gas  evolved  is  a  measure  of  the  aluminum  content.  The  result  for  one 
batch  was  95.6%  aluminum. 

A  sample  of  Alex  was  studied  by  X-ray  diffraction.  The  results  were  similar  to  those  for 
ordinary  pure  metallic  aluminum.  The  complicated  internal  structure  was  probably 
transformed  to  the  ordinary  aluminum  structure  by  the  strong  X-ray  radiation,  similar  to  what 
may  happen  with  this  material  in  ordinary  scanning  electron  microscopy  (SEM) 
measurements  (information  from  the  Argonide  Corp.).  The  only  conclusions  that  can  be 
drawn  from  these  measurements  are  that  the  purity  of  the  material  is  at  least  90%  metallic 
aluminum  and  that  its  internal  structure  is  sensitive  to  the  X-ray  treatment. 

For  comparison  a  reference  material  of  an  ordinary  fine  particle  size  aluminum  powder,  type 
A-lOO,  from  Carlfors  Bruk,  Sweden,  was  used.  The  bulk  density  of  this  material  is  about 
1 .0  g/cm’.  More  than  92%  has  a  particle  size  of  less  than  60  |im  and  70-90%  has  a  particle 
size  of  less  than  42  pm.  Its  aluminum  content  is  at  least  97.5%. 


Drop  weight  tests 

Tests  were  carried  out  on  samples  of  Alex  mixed  with  hydroxyl  terminated  polybutadiene 
(HTPB),  cured  with  the  diisocyanate  IPDI.  The  samples  contained  50%  Alex.  Tests  were  also 
carried  out  with  the  pure  powder  and  a  composite  propellant  of  the  HTPB/AP/Al  type  with 
60%  AP  and  10  %  Alex  as  the  aluminum  ingredient  (AP=  ammonium  perchlorat,  about  5  pm 
particle  size).  A  2.0  kg  hammer  was  used,  and  it  was  dropped  from  heights  of  at  most  140  cm. 


Differential  scanning  calorimetry  (DSC)  and  thermogravimetric  analysis  (TGA) 

Experiments  were  carried  out  with  Alex  in  air  and  in  inert  atmosphere  (argon).  If  not 
otherwise  said  the  heating  rate  was  10°C/min.  It  was  not  easy  to  find  an  apparatus  which  gave 
reproducable  results  at  high  temperatures.  Therefore  experiments  were  carried  out  at  different 
laboratories.  The  apparatuses  used  were  Mettler  DSC  820  and  Seiko  DSC  6200.  For 
measuring  up  to  600°C  the  Mettler  4000  apparatus  was  used.  For  thermogravimetric 
measurements  the  Mettler  TGA  820  apparatus  was  used.  Measurements  were  carried  out  at 
temperatures  up  to  700°C  in  aluminum  oxide  crucibles. 


Microcalorimetry 

The  measurements  were  performed  with  a  computerized  LKB  2277  instrument. 
Measurements  were  carried  out  at  45°C  and  at  65®C.  The  measurement  vessels  (2.5  ml  glass 
ampoules)  were  charged  with  about  2.0  mg  of  Alex  or  about  20  mg  of  aluminum  A- 100.  In 
some  experiments  after  a  stable  power  signal  was  reached,  water  was  added  to  the  vessels  in 
very  small  open  ampoules  so  that  a  100%  RH  humidity  was  obtained  without  any  direct 
contact  of  liquid  water  with  the  sample. 


Surface  BET  measurements 

The  measurements  were  performed  in  a  Micromeritics/Gemini  apparatus.  The  active  surface 
as  well  as  the  pore  volume  were  measured. 
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Results 

Drop  weight  tests 

No  reaction  was  seen  for  any  of  the  samples,  not  even  when  the  2.0  kg  hammer  was  dropped 
from  a  height  of  1.40  m.  See  Table  1.  The  Alex  material  can  be  regarded  as  very  insensitive  to 
impact  treatment. 

Differential  scanning  calorimetry  and  thermogravimetric  analysis 

In  all  DSC  experiments,  when  run  in  air,  a  large  exotherm  appeared  at  temperatures  around 
400'’c.  This  shows  that  no  quick  oxidation  occurres  in  air  up  to  about  400°C.  Figure  1  and  2 
show  typical  thermograms  in  the  temperature  range  of  400-700°C  of  Alex  and  of  A- 100  in  air. 
The  amount  of  energy  released  differed  at  different  experiments  and  was  at  the  most 
5.5  MJ/kg  for  Alex  and  0. 1  MJ/kg  for  A- 100.  In  all  cases  the  melting  point  endotherm 
appeared  at  around  630  to  660®C.  After  cooling,  the  Alex  residue  was  a  gray  powder  looking 
rather  similar  to  unreacted  Alex.  It  could  be  initiated  and  burned  in  air. 

It  seems  to  be  difficult  to  measure  any  structurally  bound  energy  that  may  occur  in  the  Alex 
material.  With  the  equipment  used  for  high  temperature  measurements,  it  was  very  difficult  to 
avoid  small  amounts  of  air  to  penetrate  into  the  sample.  For  measurements  up  to  about  600°C, 
it  is  possible  to  use  sealed  aluminum  crucibles.  When  those  were  used  no  heat  evolution  was 
seen.  Figure  3  shows  thermograms  of  a  sample  of  Alex  which  was  first  heated  in  a  sealed 
aluminum  crucible  and  then  run  a  second  time  in  air  with  the  crucible  punctured.  With  the 
crucible  punctured  a  large  exotherm,  similar  to  what  can  be  seen  in  Figure  1,  appeared.  The 
crucibles  were  weighed  before  and  after  every  DSC  was  run.  When  the  samples  were  heated 
in  sealed  crucibles  there  was  no  increase  in  weight.  When  the  crucibles  were  punctured  and 
heated  in  air  the  Alex  samples  increased  their  weight  with  about  1 5%  and  the  A- 100  samples 
with  less  than  1%.  The  A- 100  material  reacted,  however,  to  some  degree.  Figure  4  shows  a 
thermogram  for  a  sample  of  A- 100  in  punctured  crucible  in  air  at  high  amplification. 

The  TGA  experiments  were  carried  out  in  argon  atmosphere.  It  was  difficult  to  avoid  small 
amounts  of  air  to  reach  the  sample  in  the  apparatus.  The  Alex  material  reacted  with  traces  of 
oxygen,  which  could  be  seen  as  an  increase  in  weight,  beginning  at  a  temperature  of  about 
500  ®C.  To  avoid  oxidation  from  traces  of  air,  the  experiments  had  to  be  performed  very 
carefully.  Argon  was  added  to  the  apparatus.  The  sample  was  added  to  the  crucible  in  a  flow 
of  argon  and  the  crucible  was  equipped  with  a  lid.  Figure  5  shows  the  increase  in  weight  for  a 
sample  of  Alex  when  heated  in  air  and  in  argon.  With  no  weight  increase  of  the  sample  during 
the  heating,  no  heat  evolution  was  seen. 


Microcalorimetry 

Figure  6  shows  the  heat  flow  for  samples  of  Alex  when  stored  in  the  instrument  at  45°C  and  at 
65'’C.  It  was  stored  for  more  than  9  days  in  dry  oxygen.  Only  a  small  heat  evolution  can  be 
seen.  After  the  initial  deviation  the  heat  flow  is  very  small.  Even  if  the  initial  deviation  is 
included  the  total  heat  evolved  is  small.  In  another  experiment  after  one  day  in  the 
microcalorimeter,  the  ampoule  was  opened  and  new  dry  oxygen  was  added.  Here  a  similar 
curve  was  obtained  with  a  new  initial  deviation  similar  to  the  first  deviation.  One  of  the 
samples  was  taken  for  DSC  measurements.  A  thermogram  similar  to  that  for  samples  of  fresh 
Alex  was  obtained.  It  seems  that  the  endo-  and  exotherms  which  could  be  seen  the  first  1-2 
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hours  from  the  start  of  the  calorimeter  do  not  emanate  from  the  sample  but  from  initial 
deviations  of  the  instrument. 

In  other  experiments,  samples  were  kept  for  20  hours  at  45  °C  in  air  atmosphere  in  sealed 
ampoules.  Then  the  relative  humidity  was  raised  to  100  %  by  bringing  small  test  tubes  with 
water  into  the  ampoules.  No  heat,  or  only  small  amounts  of  heat,  were  evolved  before  the 
humidity  was  raised.  In  humid  atmosphere  a  large  amount  of  heat  was  quickly  evolved, 
though  the  reaction  was  not  vigorous.  See  Figure  7.  Because  of  the  initial  deviation  the 
amount  of  heat  evolved  was  difficult  to  estimate,  but  it  seems  to  be  near  to  the  total  reaction 
energy  of  the  formation  of  aluminum  oxide  from  aluminum.  For  comparison  the  sample  of 
ordinary  aluminum  powder.  A- 100,  was  treated  in  the  same  way  as  the  Alex  samples.  In  this 
case  only  a  very  small  heat  flow  was  observed.  Compared  to  what  was  obtained  with  the  Alex 
samples  the  reaction  rate  for  the  A- 100  material  with  water  seemed  to  be  much  slower. 


Surface  BET  measurements 

The  BET  surface  area  for  a  sample  of  Alex  was  measured  to  1 2  ±2  m^/g  and  the  adsorption 
total  pore  volume  0.01 1  cm^/g.  The  same  sample  of  the  material  was  kept  for  about  one  month 
in  open  air  in  the  laboratory  and  then  measured  again.  This  time  the  value  obtained  for  the 
BET  surface  area  was  4.7  m^/g  and  the  adsorption  total  pore  volume  0.0024  cm^/g.  For  a 
sample  of  ordinary  aluminum  powder.  A- 100,  the  BET  surface  area  was  measured  to 
0.10  m^/g  and  the  total  adsorption  pore  volume  was  measured  to  0.0002  cmVg. 


Discussion 

The  drop  weight  tests  indicate  that  the  Alex  material  has  a  very  low  sensitivity  to  impact 
treatment. 

The  DSC  results  indicate  that  the  Alex  material,  compared  to  ordinary  aluminum,  reacts  very 
fast  with  oxygen  when  heated.  In  spite  of  this,  the  material  is  remarkably  stable  up  to  about 
400®C  in  air  under  dry  conditions.  In  the  DSC  experiments  the  amount  of  energy  evolved 
when  heated  up  to  700®C,  could  be  as  high  as  5  MJ/kg.  This  is  about  the  same  as  the  heat  of 
explosion  for  the  well-known  explosive  TNT,  which  is  5.07  MJ/kg.  The  heat  of  combustion  of 
ordinary  aluminum  is  31.0  MJ/kg.  Aluminum  melts  at  about  bbO^C.  The  heat  of  melting  is 
about  390  J/g.  For  the  Alex  material  the  melting  is  shown  as  an  endotherm  at  around  b30°C- 
bb0°C  close  to  the  foregoing  exotherm.  For  measureing  at  high  temperatures  it  is  important  to 
use  proper  types  of  crucibles.  Copper  crucibles  are  not  useful  because  aluminum  forms  an 
alloy  with  the  copper.  Crucibles  made  of  alumina  are  useful.  When  Alex  was  heated  up  to 
b00”C  in  sealed  aluminum  crucibles,  no  weight  change  and  no  heat  evolution  was  seen.  If 
there  is  any  structurally  bound  energy  in  Alex  the  amount  of  it  seems  to  be  very  small. 

The  microcalorimeter  experiments  where  Alex  was  treated  with  humid  air  shows  clearly  that 
Alex  reacts  very  easily  with  water,  so  when  handled  it  has  to  be  protected  from  moist  air.  No 
clear  reactions  could  be  seen  in  dry  air  at  45®C  (RH  was  30%  at  room  temperature),  but  when 
the  relative  humidity  was  raised  to  100%,  strong  exothermic  reactions  occurred  quickly.  The 
amounts  of  energy  released  in  wet  air  was  difficult  to  measure  because  of  the  Initial  deviations 
of  the  instrument,  but  it  was  estimated  to  about  15  MJ/kg.  Theoretically  15.14  MJ/kg  is 
evolved  when  aluminum  reacts  with  water  to  give  the  oxide  (AI2O3)  and  hydrogen.  The 
reaction  seemed  to  start  as  soon  as  the  humid  air  appeared.  With  a  sample  of  the  ordinary 
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aluminum,  Carlfors  A- 100,  using  the  same  conditions,  only  a  very  small  reaction  occurred. 
This  shows  that  the  Alex  material  reacts  much  easier  with  water  than  ordinary  aluminum. 

The  results  from  the  surface  BET  measurements  show,  as  expected,  that  the  surface  area  of 
the  Alex  material  is  much  larger  than  the  surface  area  of  ordinary  small  particle  size 
aluminum  (Carlfors  A- 100).  The  pore  volume  of  Alex  is  very  small.  When  a  sample  of  Alex 
was  stored  in  an  open  vessel  in  the  laboratory  for  one  month  the  BET  surface  area  decreased 
considerably.  This  indicates  that  Alex  in  open  air  and  ambient  temperature  slowly 
deteriorates. 

In  summary,  the  main  conclusions  are  as  follows: 

1 .  When  the  superfine  aluminum  material,  Alex,  is  slowly  heated  in  air  it  is  partly  oxidized 
and  a  substantial  amount  of  heat  is  evolved.  This  reaction  starts  far  below  the  melting 
point,  leaving  a  metallic  powder  residue.  With  ordinary  aluminum  powder,  only  very  little 
of  this  kind  of  heat  evolution  is  seen. 

2.  The  Alex  material  is  very  insensitive  to  impact  treatment. 

3.  The  Alex  material  is  stable  and  easy  to  handle  in  dry  conditions.  In  air  at  high  humidity, 
and  at  slightly  elevated  temperature,  it  reacts  quickly  but  not  vigourosly  under  heat 
evolution. 

4.  The  BET  surface  area  for  Alex  was  measured  to  about  12  mVg.  For  an  ordinary  fine 
particle  size  aluminum  powder,  Carlfors  A-KX),  a  value  of  0. 1  mVg  was  obtained. 

5.  The  experiments  carried  out  so  far  indicates  that  Alex  is  an  interesting  energetic  material 
and  that  it  is  well  worth  to  continue  with  further  studies  on  this  material. 


References 

1.  Ivanov,  G  V  and  Tepper  F  'Activated'  Aluminum  as  a  Stored  Energy  Source  for  Propellants, 
Conference  in  Challenges  in  Propellants  and  Combustion  100  Years  After  Nobel,  Stockholm 
May  1996. 

2.  Deng,  Kangqing  and  Wang,  Guangtian  The  characteristics  and  mechanism  for  superfine 
aluminum  powder  combustion.  Proc.  int.  Autumn  Semin.  Propellants,  Explos.  Pyrotech.  1996, 
311-321. 

Acknowledgement 

Many  thanks  to  Mr  Frederick  Tepper  at  the  Argonide  Corporation,  USA,  and  to  my  colleague 
Mr  Niklas  Wingborg  at  the  Defence  Research  Establishment,  FOA,  Sweden,  for  valuable 
discussions. 


77 


Table  I.  Drop  weight  tests  on  Alex  containing  compositions.  Weight  of  hammer:  2.0  kg. 


Height  of  fall:  1.40  m. 

Composition 

Components  (%) 

Reaction 

No 

Alex 

HTPB  binder  AP  (3-4  pm) 

Iron  oxide 

1 

100 

.. 

— 

No  reaction 

2 

10 

30  60 

— 

No  reaction 

3 

10 

25  50 

15 

No  reaction 

*ando 


Figure  1.  DSC  thennogram  for  Alex  in  air. 
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Figuie  4.  DSC  thennognun  for  A- 100  in  air. 
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Figure  5.  TGA  experiments.  Weight  increase  for  Alex  in  air  (1)  and  in  argon  (2). 
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Figure  6.  Microcalorimetiy.  Heat  flow  for  samples  of  Alex  in  dry  oxygen  at  65^C 
(1, 2)  and  at  45®C  (3, 4).  The  amounts  of  Alex  were  36  mg,  42  mg,  74  mg  and  18  mg 
in  sample  number  1, 2, 3  and  4,  respectively. 


Figure  7.  Heat  flow  for  Alex  (1),  1.90  mg,  and  for  A-lOO  (2),  19.88  mg,  in 
humid  air  at  45  °C. 
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Bestimmung  der  Oberflachenenergie  von  Polymerbindern 
und  Explosivstoffpartikein 

U.  Teipel,  E.  Marioth,  T.  Heintz,  I.  Mikonsaari 
Fraunhofer  Institut  fur  Chemische  Technologie  (ICT),  Pfinztal,  D 

Abstract 

The  surface  free  energy  of  the  filler  and  the  matrix  considerably  influences  the 
quality  of  the  coupling  between  these  two  components  to  a  compound.  This 
contributes  to  the  processing  properties  and  the  ultimate  properties  of  the 
composite.  These  characteristic  values  can  only  be  measured  indirectly.  In  case  of 
polymers  the  determination  of  the  surface  free  energy  by  measuring  contact  angles 
is  a  proven  technique.  The  contact  angles  have  been  measured  by  a  modified 
Wilhelmy-method.  For  HTPB  and  Viton  A  the  surface  free  energy  has  been 
determined  from  the  theory  of  Owens,  Wendt,  Rabel  and  Kaelble.  Five  different 
types  of  HTPB  and  Viton  A  as  binder  material  for  particles  of  explosives  have  been 
examined. 

1  Einleitung 

In  vielen  Bereichen  finden  partikulare  Polymersysteme  ihre  spezifische  Anwendung.  Der 
Fullstoff  kann  verschiedene  Funktionen  Qbernehmen,  welche  die  Eigenschaften  des 
Polymers  anwendungsspezifisch  unterstutzen,  bzw.  erst  den  Einsatz  ermoglicht. 
Fullstoffe  kbnnen  die  optischen,  mechanischen  und  chemischen  Eigenschaften  der 
Polymere  entscheidend  beeinflussen.  Viele  Anwendungen  sehen  das  Polymer  als 
Hilfsmittel,  den  eigentlichen  Funktionstrager  in  Partikelform  zu  binden,  Bei  der 
Einarbeitung  energetischer  Materialien  in  eine  Matrix  steht  der  Fullstoff  als  reaktiver  Teil 
eines  Compositewerkstoffes  im  Vordergrund. 

Die  Herstellung  solcher  Systeme  wird  durch  Beschichtung,  Ruhren  oder  Kneten  der 
festen  Phase  in  eine  flussige  Phase  erreicht.  In  jedem  Fall  wird  die  Grenzflache  Feststoff- 
Dampf  durch  eine  Grenzflache  Feststoff-Flussigkeit  ersetzt.  Dieser  Vorgang  wird  als 
Benetzung  bezeichnet.  Geschieht  der  Vorgang  der  Benetzung  spontan  und  vollstandig, 
wird  von  vollstandiger  Benetzung  oder  Spreitung  gesprochen.  MuB  zur  Herstellung 
eines  guten  Verbundes  zusatzliche  Arbeit  in  das  System  gesteckt  werden,  ist  die 
Benetzung  unvollstandig.  Dabei  besteht  die  Gefahr,  daB  Blasen  an  der  Grenzflache 
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eingeschlossen  werden,  die  die  Eigenschaften  des  Verbundes  entscheidend  negativ 
beeinflussen  konnen.  Durch  Zugabe  von  oberflachenaktiven  Stoffen  in  die  flQssige 
Phase  Oder  durch  Aufbringen  von  Sorptionsschichten  auf  die  Festkorperoberflache  laBt 
sich  das  Benetzungsverhalten  in  weiten  Grenzen  variieren. 

Ein  MaB  fur  die  Benetzbarkeit  ist  der  Benetzungs-  oder  Randwinkel,  Er  ist  jedoch  keine 
stoffspezifische  Eigenschaft,  sondern  abhangig  von  den  grenzflachenenergetischen 
GroBen  der  beteiligten  Phasen.  Urn  also  Voraussagen  uber  das  Benetzungsverhalten  von 
Stoffkombinationen  treffen  zu  konnen,  rniissen  die  grenzflachenenergetischen  GroBen 
bekannt  sein. 

In  diesem  Beitrag  wird  die  Methode  zur  Ermittiung  der  Freien  Grenzflachenenergie 
polymerer  Binder  HTPB  und  Viton  A  vorgestellt  und  die  Ergebnisse  prasentiert. 

2  Grundlagen 

2.1  Definition  der  Freien  Grenzflachenenergie 

Die  freie  Oberflachenenergie  ist  die  reversible  Arbeit,  die  bei  konstantem  Volumen  und 
konstanter  Temperatur  aufgewendet  werden  muB,  urn  die  Oberflache  zu  vergroBern. 


oF 

aA„ 


mit  A,  =  Grenzflache  zwischen  den  Phasen  i  und  j 


(1) 


2.2  Grundlagen  und  Modelle 

Wahrend  die  Grenzflachenspannungen  von  Flussigkeiten  ohne  groBen  Aufwand  direkt 
meBbar  sind,  ist  dies  bei  Festkorpern  aufwendiger,  Ein  Weg  erschlieBt  sich  aus  der 
Young'schen  Gleichung: 


cos5  = 


Ts-Ysl 

ri 


(2) 


mit:  8=  Randwinkel  [°],  Yi=Flussigkeitsoberflachenspannung  [mN/m],  Y5i=Grenzflachenspannung  [mN/m], 
Yj=  Festkorperoberflachenspannung  [mN/m] 


Wenn  der  Kontaktwinkel  einer  Flussigkeit  mit  bekannten  Eigenschaften  auf  einem 
Festkorper  gemessen  werden  kann,  sind  die  Freien  Grenzflachenenergien  der 
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Phasengrenzen  fest-gasformig  und  fest-fliissig  unbekannt.  Um  die  Freie 
Grenzflachenenergie  fest-gasformig  zu  ermittein,  gibt  es  verschiedene  Modelle.  Fur 
Polymeroberflachen  wird  das  Modell  von  Owens,  Wendt,  Rabel  und  Kaelble  empfohlen 
(WU,  1982)  und  dieser  Arbeit  angewendet.  Dieses  Modell  formuliert  die  Freie 
Grenzflachenenergie  als  Summe  aus  dispersen  und  polaren  Anteilen  (Gleichung  3). 

y  =ydispers  polar  (3) 

Ausgehend  davon,  daS  nur  die  beiden  polaren  Anteile  und  die  beiden  unpolaren 
Anteile  des  Grenzflachenpaares  miteinander  in  Wechselwirkung  treten,  wird  folgende 
Beziehung  fur  das  geometrische  Mittel  der  freien  Grenzflachenenergie  formuliert: 

yi2  =y]+y2-^-(jy^ -yi  +t/yf (4) 

Indices:  1:  Phase  1,  2:  Phase  2;  d;  disperser  Anteil,  p:  polarer  Anteil 


In  der  Praxis  bedeutet  dies,  daG  die  polaren  und  dispersen  Anteile  der  MeGflussigkeiten 
bekannt  sein  mussen,  um  mit  dieser  Gleichung  und  der  Kenntnis  des  Kontaktwinkels  die 
Freie  Grenzflachenenergie  des  Feststoffes  ermittein  zu  konnen.  Als  Ergebnis  erhalt  man 
eine  Geradengleichung,  aus  deren  Achsenabschnitt  der  disperse  Anteil  und  aus  deren 
Steigung  der  polare  Anteil  der  freien  Grenzflachenenergie  hervorgeht  (Kombination  von 
Gleichung  1  und  4): 

y  =  m-x  +  b  (5) 


X  = 


Y|-Y|^ 


(6) 


y  = 


1  +  COS5 
2 


(7) 
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Ein  weiteres  Modell  der  Bestimmung  der  Oberflachenenergie  geht  auf  Zisman  zuruck. 
Hier  warden  Kontaktwinkel  von  Flussigkeitsreihen  an  einer  Feststoffoberflache  bestimmt 
und  der  cos  6  gegen  die  Oberflachenspannung  der  Flussigkeit  aufgetragen  (Abbildung 
2.1). 


Abb.  2.1:  Zisman-Auftragung  zur  Ermittiung  der  freien  Grenzflachenenergie  von 
Feststoffen 

Fur  cos  6  =  1  erhalt  man  mit  Hilfe  der  Ausgleichsgeraden  den  Wert  Ykn,,  der  dem 
theoretischen  Randwinkel  von  5  =  0°  entspricht  und  als  Freie  Grenzflachenenergie  des 
Feststoffs  ubernommen  wird.  Einschrankend  fur  dieses  Modell  ist  die  Tatsache,  daB  es 
fur  die  Verwendung  ausschlieBlich  unpolarer  Flussigkeiten  entworfen  wurde.  Da  das 
hier  untersuchte  Material  HTPB  die  Neigung  hat,  in  n-Alkanen  zu  quellen,  konnte  diese 
Auswertungsmethode  nicht  angewandt  warden.  Durch  die  Vielfalt  der  Modelle  wird 
deutlich,  daB  das  Verfahren  der  Kontaktwinkelmessung  zur  Bestimmung  der  freien 
Grenzflachenenergie  nicht  uneingeschrankt  geeignet  ist,  quantitative  Aussagen  zu 
machen.  Fur  die  Bestimmung  qualitativer  Daten  und  zum  Vergleich  verSchiedener 
Binder  reicht  diese  Methode  jedoch  aus. 

2.3  Ermittiung  der  Randwinkel 

Urn  Randwinkel  verschiedener  FlOssigkeiten  an  Plattchen  messen  zu  konnen,  wurden 
Randwinkeluntersuchungen  nach  der  Wilhelmy-Methode  durchgefuhrt.  Bei  den 
Versuchen  nach  dem  Prinzip  der  Wilhelmy-Platte  wird  ein  Plattchen  in  eine  Flussigkeit 
eingetaucht  und  die  Kraft  gemessen,  die  durch  die  Oberflachenspannung  der  Flussigkeit 
an  dem  Plattchen  ausgeubt  wird  (Abbildung  2.2). 

Der  Randwinkel  berechnet  sich,  wenn  der  Auftrieb  der  Platte  und  die  Masse  der 
angehobenen  Flussigkeit  vernachlassigt  werden  kann,  nach  folgender  Gleichung  (8): 
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cos6  =  (8) 

yi-l 

mit  L  =  benetzte  Lange,  F„  =  Wilhelmy-Kraft 


8 

/ 

A  k- 


Abb.  2.2:  Schema  der  eingetauchten  Platte  nach  Wilhelmy 


Wird  die  Platte  in  die  Flussigkeit  getaucht  und  wieder  zuruck  gezogen,  lassen  sich 
dynamische  Randwinkel  ermitteln.  Als  Resultat  der  Versuche  erhalt  man  einen 
dynamischen  Vorruckrandwinkel  und  einen  dynamischen  Ruckzugsrandwinkel,  Die 
Vorteile  dieser  Randwinkelmessung  im  Vergleich  zu  der  Vermessung  eines  liegenden 
Tropfens  bestehen  darin,  daB  sie  reproduzierbar  ist  und  der  Randwinkel  uber  einen 
vergieichsweise  groBen  Bereich  des  Plattchens  gemessen  wird. 

Aufgenommen  wird  die  Kraft  auf  das  Plattchen  in  Abhangigkeit  von  der  Eintauchtiefe. 
Die  Kraft,  die  auf  das  Plattchen  wirkt,  setzt  sich  aus  zwei  Komponenten  zusammen.  Die 
Wilhelmy-Kraft  Fw  wirkt  nur  an  der  Dreiphasengrenziinie,  also  an  der 
Flussigkeitsoberflache,  und  ist  wahrend  des  gesamten  Eintauchvorganges  bzw.  wahrend 
des  Rtickzugsvorganges  konstant.  Dies  gilt  nur  unter  der  Voraussetzung,  daB  die 
Geometrie  (Umfang  entlang  der  Dreiphasengrenziinie)  des  Plattchens  konstant  ist.  Dann 
ist  die  Auftriebskraft  F*  eine  lineare  Funktion  der  Eintauchtiefe  (Gleichung  9): 


Fa  =pi-g-l-b-d 

mit  I  =  Lange  des  Plattchens,  b  =  Breite  des  Plattchens,  d  =  Eintauchtiefe 


(9) 
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Durch  Trennung  der  Wilhelmy-Kraft  (konstant)  von  der  Auftriebskraft  (abhangig  von  der 
Eintauchtiefe)  kann  jeweils  fur  den  Eintauchvorgang  und  das  Herausziehen  die 
Wilhelmy-Kraft  berechnet  werden.  Der  Randwinkel  errechnet  sich  dann  mit  der 
Kenntnis  der  Flussigkeitsdaten  nach  Gleichung  (10), 

cos5(v)  =  ;^-(f^ +Fa)  (10) 

Die  benetzte  Lange  der  Probe,  d.h.  der  Umfang  der  Dreiphasengrenziinie,  kann 
entweder  unter  Berucksichtigung  von  Rauhigkeiten  durch  Messung  mit  einer  vollstandig 
benetzenden  Flussigkeit  ermittelt  werden  oder  Ial3t  sich  bei  glatter  Oberflache  direkt 
messen. 

2.4  Materialien 

2.4.1  HTPB 

Von  HTPB  (hydroxy-terminated-Eoly-butadien)  wurden  funf  verschiedene  Rezepturen 
verwendet  (Tabelle  2.1).  Fullstoffe,  wie  RuB  oder  Siliziumoxidpartikel  wurden  nicht 
eingesetzt. 
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Tabelle  2.1:  Rezepturen  der  verwendeten  HTPB-Proben 


Bezeichnung 

HTPB  1 

HTPB  2 

HTPB  3 

HTPB  4 

HTPB  5 

HTPB  R45  HT 

91,42 

91,42 

91,42 

91,42 

91,42 

Eq:  1205 

Irganox 

1 

1 

1 

1 

1 

IPDI  difkt.  Eq;  1 1 1 

7,58 

7,58 

7,58 

7,58 

7,58 

Summe 

100 

100 

100 

100 

100 

Katalysator 

EeAA 

EeAA 

D22 

TPB 

EeAA 

Menge 

40  ppm 

400  ppm 

4Tr./100g 

200  ppm 

200  ppm 

2.4.2  Viton  A 

Viton  A  (Handelsname  der  Firma  DuPont)  ist  ein  Copolymerisat  von  Difluorovinyl  und 
Hexafluorpropylen.  Viton  A  zeichnet  sich,  wie  alle  Fluor-Kohlenstoff  Elastomere,  durch 
hohe  Bestandigkeit  gegenuber  Warmeeinwirkung  und  Olen  aus  und  findet  deshalb 
seine  Hauptanwendung  als  Dichtungsmaterial. 

Das  Viton  A  lag  als  linsenformiges  Material  (Durchmesser  ca.  4  mm)  vor. 

2.4.3  MeBfIussigkeiten 

Bei  der  Auswahl  geeigneter  MeBfIussigkeiten  steht  zum  einen  die  chemische 
Vertraglichkeit  hinsichtlich  der  untersuchten  Elastomere  im  Vordergrund,  andererseits 
muS  die  Oberflachenspannungen  der  verwendeten  Flussigkeiten  ein  moglichst  weites 
Spektrum  abdecken.  Zur  Anwendung  kam  destilliertes  Wasser  und  Dekanol  p.A. 
(Tabelle  2.2). 
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Tabelle  2,2:  Daten  der  MeBfiQssigkeiten  bei  20  °C 


Wasser,  dest. 

1-Dekanol  (p.A.) 

Dichte  p  [g/cm^] 

0,99 

0,83 

Oberflachenspannung  y  [mN/m] 

72,8 

28,8 

polarer  Anteil  yf  [mN/m] 

51,0 

6,3 

disperser  Anteil  y,"'  [mN/m] 

21,8 

22,5 

2.4.4  Probenpraparation 

Urn  Randwinkel  nach  der  Wilhelmy-Methode  bestimmen  zu  konnen,  ist  eine  konstante 
Probengeometrie  unerlaBlich.  Urn  storende  Einflusse  durch  Kanten  moglichst  gering  zu 
halten,  muB  die  Probe  ein  hohes  Breite/Dicke-Verhaltnis  haben.  Andererseits  werden 
elastische  Plattchen  mit  zunehmendem  Breite/Dicke-Verhaltnis  instabil  gegen 
Verformung. 

Diese  Bedingungen  fuhrten  zu  der  hier  verwendeten  Methode  der  Preparation  auf  ein 
starres  Tragerplattchen. 

Das  nicht  ausgehartete  HTPB  wurde  auf  Deckglaschen  aufgebracht,  wie  sie  aus  der 
Mikroskopie  bekannt  sind.  Erst  nachdem  sich  auf  der  Glasoberflache  ein  gleichmaBiger 
HTPB-Film  gebildet  hatte,  wurden  die  Proben  im  Ofen  ausgehartet.  Die  Viton  A 
Plattchen  wurden  ebenfalls  auf  Glasplattchen  prapariert,  urn  den  oben  genannten 
Anspruchen  hinsichtlich  konstanter  Geometrie  und  Steifigkeit  zu  entsprechen.Dazu 
wurden  die  Viton  A-Linsen  zunachst  in  Butylacetat  p.A.  gelost, 

Nach  Eintauchen  der  Glasplattchen  und  Verdampfen  des  Losungsmittels  verblieb  ein 
dunner  Film  (Dicke  <  0,1  mm)  von  Viton  A  auf  der  Glasoberflache,  Vorversuche,  die  mit 
massiven  Viton  A-Plattchen  durchgefuhrt  worden  waren,  lieferten  identische 
Randwinkel.  Auffallend  ist  jedoch  die  hohere  Reproduzierbarkeit  der  mit  den 
beschichteten  Glasplattchen  ermittelten  Ergebnisse. 
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3  Ergebnisse  und  Diskussion 

3.1  Dynamische  Vorriickrandwinkel 

Zur  Auswertung  kamen  Benetzungsuntersuchungen  an  den  oben  beschriebenen  Flatten 
nach  der  Wilhelmy-Methode.  Die  errechneten  dynamischen  Vorriickrandwinkel  sind  in 
Tabelle  3.1  aufgefuhrt. 


Tabelle  3.1 :  Dynamische  Vorriickrandwinkel  (Mittelwerte)  von  Wasser  und 
1-Dekanol  an  den  HTPB  und  Viton  A  Proben 


Wasser,  dest. 

1-Dekanol  p.A. 

Viton  A 

111,5° 

52,6° 

HTPB  1 

94,0° 

24,8° 

HTPB  2 

91,2  ° 

10,0° 

HTPB  3 

90,6° 

19,5° 

HTPB  4 

93,2° 

19,4° 

HTPB  5 

92,7° 

21,0° 

Bel  den  verschiedenen  HTPB-Plattchen  sind  die  Unterschiede  im  Benetzungsverhalten 
mit  Wasser  gering.  Eine  quantitative  Aussage  uber  den  EinfluB  der  verschiedenen 
Katalysatoren  oder  deren  Gehalte  ist  aufgrund  dieser  Werte  nicht  mbglich.  Auffallig  ist 
jedoch  die  Tendenz,  die  sich  bei  den  Plattchen  mit  HTPB  1,  5  und  2  zeigt:  Mit  in  dieser 
Reihenfolge  zunehmendem  Gehalt  an  FeAA  sinken  die  gemessenen  Randwinkel  von 
94°  bei  40  ppm  tiber  92,7°  bei  200  ppm  bis  auf  91,2°  bei  400  ppm.  Die  gleiche 
Tendenz  zeigt  sich  ebenfalls  an  den  Randwinkein,  die  mit  Dekanol  aufgenommen 
wurden.  Hier  sanken  die  Randwinkel  von  24,8  °  (iber  21,0  °  auf  sogar  10  °. 

Das  HTPB  3  zeigte  mit  90,6  °  den  geringsten  mit  Wasser  gemessenen  Randwinkel,  weist 
jedoch  mit  Dekanol  einen  mittleren  Wert  von  19,5  °  auf. 

HTPB  4  weist  mit  Wasser  einen  relativ  hohen  Wert  mit  93,2  °  fur  den  Randwinkel  auf, 
wahrend  bei  Dekanol  ein  mit  HTPB  3  vergleichbarer  Wert  von  19,4  °  gemessen  wurde. 
Interessant  ist  der  Vergleich  der  GroBenordnung  der  Randwinkel,  die  mit  HTPB  und 
Viton  A  gemessen  wurden. 
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Die  Randwinkelwerte  von  Viton  A  liegen  sowohl  mit  Wasser,  als  auch  mit  Dekanol 
deutlich  uber  den  gemessenen  Werten  der  HTPBs.  Wahrend  Wasser  an  HTPB  den 
benetzenden  Bereich  mit  Werten  knapp  uber  90  °  gerade  nicht  mehr  beruhrt,  liegt  das 
System  Viton  A  mit  Wasser  schon  deutlich  im  nicht-benetzenden  Bereich.  Ebenso  liegt 
der  Randwinkel  bei  Dekanol  deutlich  hoher,  als  bei  den  HTPB-Proben, 

3.2  Ermittiung  der  Freien  Grenzflachenenergie  nach  Owens,  Wendt,  Rabel  und 
Kaelble 

Wie  in  Abschnitt  2.2  erlautert,  wird  auf  Grundlage  der  Gleichung  (4)  eine 
Geradengleichung  aufgestellt.  Die  Steigung  fiihrt  auf  den  polaren  Anteil  der  Freien 
Grenzflachenenergie  des  Festkorpers,  wahrend  der  Achsenabschnitt  den  dispersen 
Anteil  angibt. 

Jede  Randwinkelmessung  mit  einer  Flussigkeit  ergibt  einen  Punkt  zur  Bestimmung  der 
Geraden. 

y  =  m-x  +  b  (11) 

Die  dimensionslosen  x-Werte  sind  durch  die  MeBfIussigkeit  vorgegeben  (Gleichungen  (6) 
und  (7))  und  betragen  fur 

-  Wasser:  x=  1,52953 

-  1-Dekanol:  x=  0,53271. 

Die  y-Werte  (Einheit  (mN/m)’'^,  die  sich  aus  den  Messungen  der  Elastomere  mit  den 
Flussigkeiten  ergeben,  sind  in  Tabelle  3.2  aufgefuhrt. 
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Tabelle  3.2:  Aus  den  Randwinkelversuchen  ermittelte  y-Werte 


y-Werte  [ 

Wasser 

mN/m)''^] 

1-Dekanol 

Viton  A 

4,9414 

4,8618 

HTPB  1 

7,2546 

5,7700 

HTPB  2 

7,6351 

6,0029 

HTPB  3 

7,7167 

5,8754 

HTPB  4 

7,3632 

5,8771 

HTPB  5 

7,4312 

5,8480 

Die  aus  den  zwei  x-Werten  und  den  jeweiligen  y-Werten  errechneten 
Geradengleichungen  lauten  fur  die  entsprechenden  Elastomeren  wie  foigt  (Tabelle  3.3): 


Tabelle  3.3:  Errechnete  Geradengleichungen  fur  die  Systeme  Viton  A  bzw.  HTPB  mit 
Wasser  und  1-Dekanol 


Geradengleichung 

Viton  A 

y  =  0,0799- X +  4,81 92 

HTPB  1 

y  =  1,4894- x  + 4,9766 

HTPB  2 

y  =  1,6375 -X +  5,1306 

HTPB  3 

y  =  1,8472- X +  4,8913 

HTPB  4 

y  =  1,4908- x  +  5,0829 

HTPB  5 

y  =  1,5882- X +  5,001 9 

Aus  diesen  Geradengleichungen  gehen  nach  den  Gleichungen  (6)  und  (7)  die  polaren 
und  dispersen  Anteile  hervor,  deren  Addition  zur  Freien  Grenzflachenenergie  der 
Elastomere  fuhren. 

In  Tabelle  3.4  sind  die  polaren  und  dispersen  Anteile,  sowie  die  Freien 
Grenzflachenenergien  der  Elastomere  dargestellt. 
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Tabelle  3.4:  Polare,  disperse  Anteile  und  Gesamtsumme  der  Freien  Grenzflachenenergie 
von  Viton  A  und  HTPB  1  bis  5 


Polarer  Anteil  der  Freien 
Grenzflachenenergie  ys’’ 

[mN/m] 

Disperser  Anteil  der 
Freien 

Grenzflachenenergie  ys"* 
[mN/m] 

Gesamtsumme  der 
Freien 

Grenzflachenenergie  ys 
[mN/m] 

Viton  A 

0,01 

23,22 

23,23 

HTPB  1 

2,22 

24,75 

26,97 

HTPB  2 

2,68 

26,32 

29,0 

HTPB  3 

3,41 

23,96 

27,37 

HTPB  4 

2,22 

25,84 

28,06 

HTPB  5 

2,52 

25,02 

27,54 

Das  Viton  A  zeigt  nach  dieser  Auswertung  den  geringsten  Wert  fur  die  Freie 
Grenzflachenenergie  und  ist  zudem  fast  vollig  unpolar,  was  auch  anhand  der  Struktur 
zu  erwarten  war.  In  der  Literatur  war  ein  Wert  der  Freien  Grenzflachenenergie  fur  Viton 
A  von  23  mN/m  angegeben  und  findet  sich  in  den  hier  prasentierten  Messungen 
bestatigt  [Wu,  Handbook  of  Polymer  Science]. 

FGr  HTPB  fand  sich  in  der  Literatur  keine  Angabe  uber  die  Freie  Grenzflachenenergie.  Im 
Vergleich  liegen  alle  Werte  uber  dem  des  Viton  A.  Der  polare,  wie  der  disperse  Anteil 
steigt  mit  zunehmendem  Gehalt  an  FeAA  leicht  an.  Folglich  ergibt  sich  in  der 
Gesamtsumme  ebenfalls  eine  ansteigende  Tendenz.  Der  hochste  polare  Anteil  wurde 
bei  HTPB  3  ermittelt. 

Der  polaren  Anteile  bei  HTPB  4  und  1  sind  identisch,  durch  einen  hoheren  dispersen 
Anteil  bei  HTPB  4  ist  dessen  Gesamtsumme  hoher. 

Die  hochste  Gesamtsumme  findet  sich  beim  HTPB  2,  die  vor  allem  aus  dem  hohen  Wert 
fur  den  dispersen  Anteil  hervorgeht. 

4  Zusammenfassung 

Durch  den  Vergleich  des  Literaturwertes  der  Freien  Grenzflachenenergie  von  Viton  A 
und  den  in  dieser  Arbeit  ermittelten  Werten,  kann  die  Anwendbarkeit  des  ven/vendeten 
Verfahrens  bestatigt  werden. 
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Fur  HTPB  aus  unterschiedlichen  Rezepturen  werden  Werte  fur  die  Freie 
Grenzflachenenergie  angegeben,  mit  denen  der  Verfahrensschritt  Benetzung 
spezifischer  gestaltet  werden  kann.  Gehalte  und  Art  der  verwendeten  Katalysatoren 
konnen  die  Hohe  der  Freien  Grenzflachenenergie  verandern.  Dieser  Punkt  fuhrt  darauf, 
die  Auswahl  und  Dosierung  unter  dem  Aspekt  der  veranderten  Wechselwirkungen  mit 
dem  Explosivstoffpartikel  genauer  zu  betrachten.  In  weiteren  Untersuchungen  foigt  die 
Erfassung  der  oberflachenenergetischen  GroBen  von  Explosivstoffpartikein,  um  diese 
Grundlagen  zu  vervollstandigen. 

Liegen  diese  Daten  vor,  konnen  mit  Hilfe  der  Binder-  und  Partikeldaten  Schwachstellen 
durch  Blasen  im  Composite  durch  gezielten  Eingriff  in  das  Benetzungsverhalten 
verringert  werden. 
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Abstract 

A  microscale  fluidized  bed  reactor  for  coating  fine  particles  is  being  presented.  In 
contrast  to  conventional  organic  solvents,  supercritical  carbon  dioxide  (sc  COj)  was 
used  as  a  solvent.  By  injecting  sc  CO,  loaded  with  wax  through  a  nozzle  into  the  flui¬ 
dized  bed,  glass  particles  with  diameters  in  the  range  of  40  to  60  pm  diameter  have 
been  coated  with  stearylstearate.  Analysis  of  the  particles  via  scanning  electron 
microscopy  (SEM)  as  well  as  optical  microscopy  (OM)  gives  evidence  that  very 
smooth  and  regular  coatings  can  be  achieved.  The  experiments  indicate  that  there 
exists  a  minimum  Reynolds  number  for  the  nozzle  (Rep")  of  about  30  required  to  coat 
particles  (diameter  of  54  pm)  without  agglomeration.  The  measured  thickness  of  the 
encapsulation  can  be  satisfactorily  correlated  with  the  mass  fraction  of  the  coating 
material  as  well  with  process  parameters  like  time  or  the  collection  efficiency  of  the 
fluidized  bed. 


Introduction 

Usually,  particles  are  encapsulated  by  spraying  an  organic  solvent  solution  into  a  flui¬ 
dized  bed  [1,2].  However,  significant  problems  are  connected  with  this  technique. 
Organic  solvents  are  only  applicable  for  particles  with  diameters  above  100  pm  due 
to  strong  capillary  forces  of  the  organic  solvent  resulting  in  defluidization  of  the  bed 
[1].  Also  high  temperatures  are  necessary  to  perform  this  process  thus  limiting  the 
technique  to  temperature-insensitive  substances  [2]. 

Using  sc  carbon  dioxide  as  a  solvent  may  be  an  attractive  alternative  because  capil¬ 
lary  forces  are  neglectible  [3].  Additionally  the  fluidized  bed  material  can  be  coated 
at  mild  thermal  conditions  due  to  the  low  critical  point  of  carbon  dioxide.  In  order  to 
study  the  applicability  of  the  proposed  process  a  microscale  fluidized  bed  reactor  was 
built. 
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Experimental 

Figure  1  shows  schematically  the  apparatus  being  used  for  the  experiments.  Liquid 
carbon  dioxide  having  a  pressure  of  1 1  MPa  provides  the  pump  in  order  to  fill  the  au¬ 
toclaves  each  with  a  volume  of  100  ml  at  defined  temperature  and  pressure.  In  these 
autoclaves  the  sc  fluid  is  loaded  with  the  coating  material  and  then  expanded  through 
a  nozzle  into  the  reactor  exhibiting  a  diameter  of  1 .4  cm. 


— ©thermocouple  three-way  valve  |o  o|  stirrer 


— 0  analogue  pressure  sensor  X)  pressure-reducing  control  pfi^  temperature  control 

valve  ' - 

Figure  1:  Experimental  set  up 

By  varying  the  nozzle  diameter  from  50  to  100  pm,  different  flow  rates  can  be  adju¬ 
sted  at  a  constant  nozzle  pressure  and  nozzle  temperature.  The  support  gas  flow  of 
the  fluidized  bed  is  also  provided  by  the  carbon  dioxide  tank.  The  pressure  of  the 
fluidized  bed  can  be  varied  up  to  10  MPa.  Observation  of  the  fluidized  bed  is  enabled 
by  using  an  optical  cell  which  can  be  fixed  in  different  heights  of  the  reactor. 
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Results 

Figure  2  shows  the  solubility  of  the  coating  material  stearylstearate  in  sc  carbon 
dioxide.  It  is  evident  that  increasing  the  density  at  constant  temperature  enhances  the 
solubility  of  the  substance  whereas  the  solubility  decreases  by  varying  the  tempera¬ 
ture  from  333  K  to  393  K  at  constant  pressure. 


i— X— 393 
!— ♦— 373  K 
I— ■— 353  K 
— A— 333  K^ 


Figure  2:  Solubility  of  stearylstearate  in  sc  carbon  dioxide  as  function  of  the  pressure 

The  stearylstearate  is  an  industrial  product  having  a  molecular  weight  distribution. 
Another  problem  in  modeling  the  solubility  is  faced  by  the  fact  that  at  333  K  the  sub¬ 
stance  begins  to  melt.  Since  most  equations  of  state  (EOS),  for  example  the  Peng- 
Robinson  or  Sanchez-Lacombe  EOS  [4],  do  need  physical  parameters  like  the  ac- 
centricity  or  the  molar  volume,  which  for  the  material  used  are  not  available,  the 
semi-empirical  model  proposed  by  Chrastil  was  used  [5].  Hence  the  concentration  of 
the  wax  can  be  calculated  as  follows  with  c  being  the  concentration  of  the  solute  in 
weight  percent  and  d  being  the  density  of  the  solvent: 

c  =  dco, -expC^  +  b)  (1) 

c  =  solute  concentration,  w% 

dco2  =  density  of  COj,  kg/m’  k  =  coordination  number 

a,  b  =  constants  T  =  temperature,  K 

The  mass  flow  of  stearylstearate  as  a  function  of  the  density  of  the  sc  carbon  dioxide 
at  a  temperature  of  353  K  is  pointed  out  in  figure  3.  It  is  evident  that  the  mass  flow  of 
stearylstearate  increases  with  the  extraction  density.  At  a  density  of  1 5  MPa  there  is 
no  difference  of  the  amount  of  solved  wax  in  the  fluid  in  comparison  to  the  amount 
of  solved  wax  at  equilibrium  conditions,  whereas  at  an  extraction  pressure  of  20  MPa 
only  40  percent  of  the  maximum  wax  loading  is  achieved. 


-  ■  ♦  -  -  calc,  mass  flow, 
mg/min 

— ■ — exp.  mass  flow, 
mg/mln 


density,  kg/m^ 

Figure  3:  Mass  flow  of  stearylstearate  versus  extraction  density 
=  353  K,  =  50  pm) 

Figures  4  and  5  present  micrographs  of  encapsulated  glass  spheres  with  a  diameter  of 
54  pm.  In  order  to  intensify  the  contrast  of  the  wax  layer  with  the  background,  polari¬ 
zed  light  was  used.  Both  pictures  display  a  very  regular  encapsulation  of  all  particles. 
A  comparison  of  the  SEM  picture  of  an  imtreated  glass  sphere  presented  in  figure  6 
with  the  SEM  picture  of  a  coated  sphere  depicted  in  figure  7  shows  clearly  that  an  in¬ 
tact  coating  can  be  achieved. 


Figure  6:  untreated  glass  bead  Figure  7:  coated  glass  bead 
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Assuming  that  the  collection  efficiency  of  the  fluidized  bed  remains  constant  with 
time,  for  spherical  particles  equation  (2)  can  be  derived.  Hence,  in  equation  (3)  the 
coating  thickness  is  a  function  of  time  as  well  as  of  coating  parameters,  namely  the 
mass  flow  and  density  of  the  coating  material,  the  density  of  the  treated  particles  and 
the  collection  efficiency  of  the  fluidized  bed. 


ds  -  dp 


mw 

niE 


(2) 


ds  -  dp  • 


mw 

mE 


T(x)  •  t 


(3) 


t  =  time,  min 

d,  =  coating  thickness,  jim 
dp  =  particle  diameter,  pm 
m„  =  mass  of  wax,  kg 
m^ii  =  mass  flow  of  wax,  kg/min 


pp  =  particle  density,  kg/m’ 
p*  =  wax  density,  kg/m’ 
m^  =  mass  of  particles 
=  collection  efficiency 


A  comparison  of  the  calculated  encapsulation  thickness  as  a  function  of  the  coating 
mass  fraction  with  the  experimental  results  is  shown  in  fieure  8.  It  is  evident  that 
there  is  good  aggreement  of  the  calculated  encapsulation  thickness  with  the  experi¬ 
mental  encapsulation  thickness  if  a  nozzle  with  100  pm  diameter  is  used.  Figure  8 
also  shows  that  by  using  a  nozzle  with  50  pm  diameter  considerable  agglomeration 
occurs.  Since  the  melting  point  of  the  extracted  wax  is  below  the  temperature  of  the 
fluidized  bed,  agglomeration  due  to  capillary  forces  can  be  excluded. 


coating  mass  fraction,  w% 

Figure  8;  Coating  thickness  of  encapsulated  particles  (diameter  of  54  pm)  versus 
the  mass  fraction  of  the  coating  substance 

(Treactor  “  308  K,  Preactor  “  8,5  MPa,  Tnozxle  =  353  K,  Pnozzle  ~  18  MPa) 
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It  is  well  known  in  literature  [6]  that  agglomeration  in  the  fluidized  hed  occurs,  if  the 
kinetic  energy  of  the  particles  is  lower  than  the  binding  energy  of  a  potential  agglo¬ 
merate.  The  Repn  number  at  the  nozzle  is  connected  with  the  circulation  velocity  of 
the  fluidized  particles  and  hence  with  the  kinetic  energy  of  the  particles.  A  calcula¬ 
tion  shows  that  the  Rep"  number  increases  from  6  to  33  by  changing  the  nozzle  dia¬ 
meter  from  50  to  100  |im.  Therefore  the  validity  of  the  proposed  equations  (2)  and 
(3)  is  limited  to  Rep  numbers  higher  than  33.  Also  there  is  to  be  expected  an  upper 
limit  of  the  Rep"  number  at  the  nozzle  becatise  attrition  of  the  coating  layer  may  oc¬ 
cur. 


■  coating  thickness  (1 00  ^jm 
nozzle) 

A  coating  thickness  (50  ^lnn 
nozzle) 

- coating  thickness  calculated 

for  1 00  (jm  nozzle 

. coating  thickness  calculated 

for  50  pm  nozzle 


Figure  9;  The  coating  thickness  of  encapsulated  particles  with  a  mean  diameter  of 
54  pm  versus  time 

(Treactor  ~  308  K,  Preactor  “  8,5  MPa,  Tnozzle  ~  353  K,  Pnozzle  —  18  MPa) 


A  comparison  of  the  calculated  coating  thickness  as  a  function  of  time  with  the  expe¬ 
rimental  result  shows  qualitative  agreement  with  respect  to  the  50  pm  nozzle  (figure 
9),  though  the  equation  yields  too  high  coating  thicknesses  for  the  first  4  minutes. 
According  to  the  literature  the  collection  efficiency  increases  with  time.  This  is  pri¬ 
marily  due  to  an  increase  of  the  collection  efficiency  of  the  fluidized  particles  [7]. 
Also  it  is  assumed  that  by  adding  a  wax  layer  to  the  spheres,  the  electrostatic  forces 
may  be  strongly  increased  and  hence  the  electrostatic  deposition  as  a  very  efficient 
collection  mechanism  may  be  getting  dominant  with  time.  Since  for  the  calculation 
mean  collection  efficiencies  were  used  this  might  result  in  an  overestimation  of  the 
coating  thickness  of  the  treated  glass  spheres  in  the  first  minutes  and  an  underestima¬ 
tion  of  the  coating  thickness  at  advanced  time. 
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Conclusions 

The  encapsulation  of  fine  particles  with  a  diameter  below  100  pm  is  connected  with 
significant  problems  due  to  the  adhesion  forces  of  the  particles.  Consequently  agglo¬ 
meration  of  the  particles  and  therefore  the  break  down  of  the  fluidized  bed  may  oc¬ 
cur.  In  this  study  it  has  been  shown  that  an  increase  of  the  mass  flow  of  the  sc  fluid 
through  the  nozzle  reduces  the  agglomeration  of  the  particles. 

Also  it  has  been  proven  that  a  theoretically  derived  equation  predicts  the  coating 
thickness  as  a  function  of  the  processing  time  as  well  as  the  particle  diameter  and  the 
mass  of  the  fluidized  bed  material,  the  mass  flow  of  the  coating  substance  and  the 
collection  efficiency  of  the  fluidized  bed  in  fair  agreement. 

It  is  well  known  that  agglomeration  is  avoided,  if  the  kinetic  energy  of  the  fluidized 
bed  particles  is  higher  then  the  binding  energy.  The  results  indicate  that  the  circula¬ 
tion  velocity  and  hence  the  kinetic  energy  of  the  fluidized  bed  particles  is  beeing  in¬ 
fluenced  by  the  mass  flow  of  the  sc  carbon  dioxide  through  the  nozzle.  Therefore  the 
propability  of  coating  the  particles  without  agglomeration  can  be  estimated  by 
calculating  the  Rep"  number  of  the  expanded  fluid  at  the  nozzle.  Hence  agglomera- 
tionffee  coating  of  particles  with  a  diameter  of  54  pm  can  be  achieved,  if  the  Rep" 
number  exceeds  a  value  of  33.  It  is  the  goal  of  further  works,  to  investigate  the  Rep" 
number  for  different  particle  sizes  in  order  to  find  an  equation,  which  predicts  the 
process  parameters  for  agglomeration  free  coating  in  a  fluidized  bed. 
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MONTE  CARLO  SIMULATION  OF  ALUMINUM  AGGLOMERATION 
IN  COMPOSITE  SOLID  PROPELLANTS  COMBUSTION 

SERGEY  A.  RASHKOVSKY 
Moscow  Institute  of  Heating  Engr. 

Russia  140056  Moscow  region,  Dzerzhinskij,  Dzerzhinskaja  st,,  12-24 

In  metalized  composite  solid  propellants  combustion,  agglomerates  of  metals  are  formed.  Its 
possess  a  wide  sizes  spectrum  significantly  different  from  the  original  metal  powder  sizes.  At 
present  there  doesn't  exist  a  complete  agglomeration  theory,  which  is  capable  to  predict  all  the 
array  of  experimental  data.  A  pocket  model  allows  to  obtain  only  qualitative  conformities  as 
the  very  notion  of  pockets  is  to  a  certain  extent  conditional,  and  on  the  composite  solid 
propellant  burning  surface  it  is  impossible  to  exactly  define  the  volume  required  for 
agglomerates  spectrum  formation  As  a  basis  of  a  complete  agglomeration  theory  must  be  a 
statistical  model  taking  into  account  the  agglomerates  generation  dynamics,  it  evolution  on 
burning  surface  and  separation  from  its.  Such  model  for  fusible  metals  (aluminum)  has  been 
presented  in  the  paper.  Experimental  research  results  lie  in  the  foundation  of  this  model. 
Governing  equations,  describing  the  agglomerates  sizes  distribution  function  changes  in  the 
carcass  layer  and  on  the  composite  solid  propellant  burning  surface,  has  been  derived.  It  was 
shown  that  the  given  equations  are,  to  a  sufficient  degree,  fundamental  and  that  it  must  be  in 
the  foundation  of  any  complete  statistical  agglomeration  theory.  The  distinction  of  possible 
agglomeration  theory  is  connected  with  various  models  of  agglomerates  generation  and 
separation  from  composite  solid  propellant  burning  surface.  The  exact  solution  of 
agglomeration  equation  for  monodisperse  initial  metal  powder  are  obtained.  The  properties  of 
the  developed  agglomeration  models  were  investigated.  The  Monte  Carlo  method  for 
agglomeration  investigation  are  considered  Several  models  of  agglomerate-agglomerate  and 
agglomerate-ammonium  perchlorate  particles  interaction  in  solid  propellants  combustion  were 
investigated.  It  was  shown,  that  there  are  three  mechanisms  of  agglomerate  separation  from 
burning  surface.  It  is  a  aerodynamical,  small-disperse  and  “collision”  mechanisms.  The 
“collision”  mechanism  of  agglomerate  separation  take  place  at  collision  of  agglomerate  with 
ammonium  perchlorate  particles,  which  going  to  burning  surface.  For  this  case  the  Monte 
Carlo  simulations  are  carried  out.  It  was  shown,  that  agglomerate  sizes  distribution  function 
are  bi-modal  and  polymodal  for  different  spectrum  of  ammonium  perchlorate  powder.  The 
correlations  between  average-mass  diameter  of  agglomerates  and  average-mass  diameter  of 
ammonium  pechlorate  particles  are  obtained.  The  comparison  of  Monte  Carlo  solutions  with 
exact  solution  of  agglomeration  equation  and  with  well-known  experimental  data  are  carried 
out.  The  agglomerate  evolution  on  burning  surface  vs  time  were  investigated.  Statistical  nature 
of  agglomerate  generation  was  shown.  The  developed  method  are  closed  the  new  possibilities 
for  theoretical  investigations  of  agglomeration  process  and  for  control  of  agglomerates  sizes  in 
composite  solid  propellants  combustion 
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SIMULATION  OF  COMPOSITE  SOLID  PROPELLANTS 
STATISTICAL  STRUCTURE 

Serguei  A.  Rashkovsky 
Moscow  Institute  of  Heating  Engr, 

Russia  140056  Moscow  region,  Dzerzhinskij,  Dzerzhinskaja  st.,  12-24 

Abstract  -  Analog  method  of  a  random  distribution  of  the  hard  spheres  in  the  volume  (hard 
disks  on  a  plane),  consisting  in  computation  of  spheres  system  evolution  to  an  equilibrium  condition, 
in  which  they  are  not  crossed,  is  suggested.  Using  the  suggested  method  a  statistical  structure  of 
metalized  composite  solid  propellants  is  investigated.  Is  shown,  that  all  necessary  statistical 
performances,  required  for  modeling  of  various  properties  of  propellant,  ean  be  received  by  computer 
simulation.  The  parametrical  research  of  various  properties  of  composite  solid  propellants  at  a  wide 
range  of  aluminum  partieles  sizes  and  concentration  of  components  are  carried  out.  Is  shown,  that 
average  size  of  agglomerates,  which  form  in  composite  solid  propellants  combustion,  has  linear 
dependence  upon  the  size  of  an  oxidizer  particles.  Is  shown,  that  the  statistical  structure  of  solid 
propellants  depends  on  mutual  effect  of  components:  the  oxidizer  particles  correlation  function  much 
depends  on  aluminum  concentration  in  propellant  and  upon  sizes  of  its  particles.  Thus  a  conelation 
range  of  oxidizer  particles  is  more  large  at  presence  in  propellant  of  aluminum  particles,  than  without 
them  at  identical  volumetric  concentration  of  an  oxidizer.  Is  shown,  that  there  is  the  critical  aluminum 
concentration  in  propellant,  is  higher  which  after  combustion  of  propellant  there  is  the  solid  residue, 
formed  by  sintered  aluminum  particles,  the  shape  of  which  repeats  the  grain  shape.  The  suggested 
method  opens  new  opportunities  for  statistical  modeling  of  various  properties  of  composite  solid 
propellants  and  other  composite  materials,  containing  hard  particles. 

Introduction 

Composite  solid  propellants  are  the  complex  composite  materials,  containing  disperse 
components,  distributed  in  continuous  binder.  Disperse  components  of  composite  solid  propellants 
are  an  oxidizer  (ammonium  perchlorate,  ammonium  nitrate,  etc.)  and  power  additives,  for  example, 
nitramine  HMX  and  RDX,  and  also  powdery  metals  (aluminum,  boron,  etc.)  or  metals  hydrides.  The 
sizes  of  disperse  components  particles  can  change  in  ranges  from  a  fraction  of  micrometer  up  to 
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hundreds  of  micrometers,  and  a  total  volumetric  fraction  of  disperse  components  in  composite  solid 
propellants  can  reach  of  80  %. 

Thus,  solid  propellants  are  highly  filled  composites,  the  properties  of  which  (physical  and 
mechanical,  thermal,  ballistic,  electromagnetic,  etc.)  are  defined  not  only  properties  of  components, 
their  concentration  and  dispersion,  but  also  distribution  of  disperse  components  in  the  volume  of  a 
material. 

Modem  computers  allow  to  carry  out  direct  numerical  modeling  of  various  properties  of 
composite  solid  propellants,  however  thus  it  is  necessary  to  be  limited  by  assumptions  about  their 
regular  internal  structure.  For  development  of  more  exact  methods  of  direct  computer  modeling  of 
composite  solid  propellants  properties,  it  is  necessary  to  reproduce  their  random  internal  stmcture. 

From  the  mathematical  point  of  view  the  problem  is  reduced  to  random  distribution  of  given 
hard  spheres  in  the  space  without  crossing  with  each  other. 

The  problem  of  hard  spheres  random  distribution  in  the  space  (or  hard  disks  on  a  surface),  has 
not  only  applied,  but  also  the  basic  importance  and  meets  in  many  fields  of  a  science.  The  problem 
concerns  to  the  category  of  combinatorial  problems,  which  investigate  by  methods  of  stochastic 
geometry  [1-3],  The  analytical  solution  of  this  problem,  even  in  the  elementary  case,  is  absent, 
therefore  the  basic  research  method  remains  computer  modeling.  However  and  in  this  case  there  is  no 
general  method  of  particles  distribution  in  the  space,  for  any  given  particles  diameter  distribution,  The 
basic  difficulty  consists  that  the  distributed  particles  should  not  be  crossed. 

At  present  such  methods  of  particles  distribution  in  the  space,  as  "the  hard-core  point 
processes",  "Gibbs  point  processes",  "the  Strauss  model",  "the  spatial  birth-death  processes",  etc.  [1- 
3],  are  known  and  are  investigated  in  detail .  However,  the  area  of  these  methods  application  is  very 
limited,  as  they  have  weak  convergence  for  large  volumetric  density  of  space  filling,  close  to 
maximum,  and  require  of  large  computational  time.  The  greatest  difficulties  arise  at  distribution  in  the 
space  of  particles,  which  have  a  wide  spectrum  of  the  sizes  The  above-mentioned  methods  very 
frequently  result  in  that  the  distribution  of  the  placed  particles  sizes  differs  from  the  distribution  of 
initial  particles  sizes. 

The  method  of  particles  distribution  in  the  space,  suggested  in  the  present  work,  does  not 
depend  upon  an  initial  particles  spectrum  and  upon  a  volumetric  density  of  particles  in  the  space.  It 
has  good  convergence,  allowing  to  investigate  the  systems  with  volumetric  density  of  space  filling. 
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close  to  maximum,  and  is,  apparently,  the  most  general  method  of  the  similar  problems  solution. 


Physical  model  and  computer  realization 

Abstract  oneself  from  real  investigated  system,  we  shall  consider  the  following  model  physical 
problem. 

There  is  a  system  of  N  spherical  particles  with  known  radiuses  r.  (/=!,. ..,A/).  We  shall 


consider,  that  the  particles  can  free  move,  to  draw  together  on  distances,  smaller,  than  the  sum  of 
their  radiuses  and  between  them  have  repulsive  force,  equal  zero  for  non-crossed  particles.  It  allows 
to  replace  a  system  of  spherical  particles  by  a  system  of  point  particles,  which  interact  by  means  of 
repulsive  forces.  The  forces  are  central,  pair  and  for  two  point  particles  /'  and  j,  which  correspond  to 
spheres  with  radiuses  and  ,  the  force  is  defined  by  the  following  ratios 


F.= 

V 


F 

ii 


j F^,  forr<  r  +  r. 

jo,  {oTr>r^+r. 


where  -  radius-vector  of  the  particle  /;  /-  =  [  t  -  .f^.j  -  spheres  center  to  center  distance,  F^  - 

some  function,  which  in  a  general  case  depends  on  distance  r. 

The  movement  of  particles  in  such  system  can  be  investigated  numerically  by  a  method  of 
molecular  dynamics  [4],  The  particles  are  in  a  continuous  and  chaotic  movement.  That  this  process 
could  be  used  for  random  distribution  of  spheres  in  the  space,  it  is  necessary  "freeze"  system  in  some 
moment,  i.e.  to  stop  calculation  and  to  fix  of  particles  coordinates.  Such  method  is  possible  to  name 
as  "molecular  dynamics  point  process"  and  it  can  be  considered  as  a  molecular  dynamics  variant  of 
"Gibbs  point  processes".  These  processes  correlate  among  themselves  same  as  a  method  of  molecular 
dynamics  and  a  method  of  Monte  Carlo  in  statistical  physics  [4].  Obviously,  in  "frozen"  condition  of 
system  some  spherical  particles  will  be  crossed  and  additional  complex  thin  out  procedure  are 
required,  to  receive  system  of  non-crossed,  random  distributed  particles. 

This  difficulty  is  displayed  stronger,  than  closer  is  volumetric  density  of  system  filling  to 
greatest  possible.  To  remove  it  we  shall  consider,  that  viscous  force,  equal  {-/iV),  act  to  a  particle. 
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where  V  -  particle  velocity,  fi  -  factor  of  proportionality  (viscosity).  Under  viscous  force  action  the 
free  (non-crossed)  particles  stop  and  at  rather  large  value  of  factor  the  system  should  very  quickly 
reach  in  an  equilibrium  condition,  in  which  all  particles  are  motionless  and  are  not  crossed. 

Dynamics  of  such  system  is  described  by  system  of  the  equations 


“  ‘  i>y 


where  m.  -  mass  of  a  particle  i,t-  time. 

The  resulted  equation  describes  dynamics  of  viscous  suspension,  consisting  from  particles, 
between  which  repulsive  forces  act. 

The  equation  of  a  system  dynamics  contains  a  number  of  uncertain  parameters  and  functions 
(j“>  ^o)-  These  parameters  are  insignificant  from  the  point  of  view  of  particles  in  the  space 

random  distribution  problem,  but  rather  are  essential  from  the  point  of  view  of  calculation  method 
realization  and  convergence. 

Taking  into  account,  that  in  the  given  problem  has  interest  final  stationary  particles  distribution 
in  the  space,  but  not  a  system  relaxation  process  to  this  condition,  is  possible  essentially  to  simplify  a 
model.  System  viscosity  increase  results  in  acceleration  of  system  relaxation  to  an  equilibrium 
condition,  as  the  inertial  member  in  the  left  part  of  the  equation  is  of  no  importance.  It  allows  to 

neglect  the  inertial  member  and  to  write  the  equation  of  system  evolution  as  T.  =  —  ^  F^. .  At  the 

appropriate  definition  of  parameter  F^  it  is  possible  to  accept  y/  =  1 .  We  consider  a  case 
=  const .  The  evolution  equation  can  be  written  as 


Assuming  =  1 ,  it  is  possible  to  redefine  a  time  scale.  Then  the  evolution  equation  of  hard 


spheres  system  in  a  examined  problem  is  following 
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!) 


(1) 


This  equation  is  basic  in  the  suggested  method  and  does  not  contain  any  insignificant 
parameters,  describing  particles  or  viscous  medium. 

The  solution  of  the  equations  (1)  converges  to  a  condition,  in  which  the  right  parts  for  all ;  is 
equal  to  zero.  In  this  condition  the  system  can  be  unlimited  time.  This  condition  is  equilibrium. 

The  described  process  can  be  used  for  random  distribution  of  particles  in  the  space.  We  shall 
name  the  suggested  method  as  a  "viscous  suspension"  method,  or,  by  analogy  to  other  processes  of 
distribution  of  hard  spheres  in  the  space  [1-3],  as  "  viscous  suspension  point  process". 

The  equation  system  (1)  describes  regular  dynamics  of  hard  spheres  system  and  does  not 
contain  the  elements  of  fortuity.  The  random  nature  of  hard  particles  equilibrium  distribution  is 
defined  by  the  random  initial  conditions.  The  initial  conditions  are  given  by  pseudo-random  number 
generator,  which  defines  initial  coordinates  of  each  particle.  Thus,  the  centers  of  particles  are 
randomly  distributed  in  given  area  of  space  and  further  a  system  evolve  to  an  equilibrium  condition 
according  to  the  equations  ( 1 ). 

In  the  viscous  suspension  method  it  is  possible  beforehand  to  generate  system  of  particles  with 
the  given  performances,  which  should  be  randomly  distributed  in  the  space.  Thus,  it  is  possible  to 
hope,  that  even  if  one  condition  of  system  is  available,  in  which  the  particles  are  not  crossed,  the 
system  sooner  or  later  it  will  reach.  At  present  the  strict  mathematical  proof  of  this  statement  is  not 
obtained,  however  numerous  calculations,  executed  for  different  systems  down  to  volumetric  density 
of  space  filling,  equal  0.95  of  maximum  possible  for  given  system,  show  that  the  process  (1)  always 
converges. 

The  computer  realization  of  a  viscous  suspension  method  is  similar  to  realization  of  a  molecular 
dynamics  method  in  statistical  physics,  however,  it  has  the  number  of  peculiarities. 

In  first,  there  is  no  necessity  to  apply  the  high  order  calculation  methods  to  solution  of  the 
equations  (1),  it  is  enough  to  use  the  simple  integration  scheme  x.{t  +dt)=  ^,{0+  where 


Si  -  temporal  integration  step,  P,  -  right  parts  of  the  equations  (1).  The  integration  step  can  be 
chosen  rather  large,  for  example  =  0.0 1 ,  being  not  feared  of  calculation  instability. 

The  process  calculation  consists  in  a  fingering  on  the  given  step  of  all  particles  of  system  and 
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calculation  of  new  particles  coordinates.  At  calculation  of  the  right  parts  of  the  equations  (1)  for  each 
particle  is  made  fingering  of  the  other  particles  of  system.  At  simple  fingering  of  all  particles  of 
system  for  determination  of  force,  which  acts  on  the  given  particle,  the  calculation  time  increase 
proportionally  to  a  square  of  particles  number  in  system. 

For  decrease  of  calculation  time,  it  is  necessary  to  finger  only  near  neighbours  of  the  given 
particle.  For  this  purpose  the  whole  calculation  area  was  divided  into  cells  with  the  size,  equal  to  a 
diameter  of  the  largest  particle.  It  has  allowed  at  calculation  of  force,  which  acts  on  the  given 
particle,  to  consider  only  those  particles,  which  were  in  27  nearest  cells  for  a  3D-problem  or  in  9 
nearest  cells  for  a  2D-problem. 

As  boundary  conditions  in  a  viscous  suspension  method,  as  well  as  in  a  molecular  dynamics 
method  either  periodic  conditions  [6]  are  used,  or  it  is  considered,  that  volume,  in  which  particles  are 
distributed,  is  limited  by  hard,  impenetrable  walls. 

Results  and  discussion 

Below  some  results  of  numerical  modeling  of  composite  solid  propellants  structure  by  a  viscous 
suspension  method  are  adduced. 

In  the  beginning  of  each  calculation  was  carried  out  a  random  initial  distribution  of  particles 
centers  in  calculation  area.  This  distribution  stopped  as  soon  as  given  value  of  components 
volumetric  fraction  were  reached. 

In  calculations  the  hard,  impenetrable  walls  were  chosen  as  boundary  conditions. 

The  calculation  stopped,  when  the  right  parts  of  all  equations  (1)  turn  into  zero. 

For  simplicity  the  propellants,  containing  particles  of  two  kinds:  large  particles  of  an  oxidizer, 
e  g.  ammonium  perchlorate,  and  small  particles  of  aluminum,  were  considered.  The  particles  are 
considered  spherical,  and  all  particles  of  one  kind  have  an  identical  diameter.  Such  simplification 
allows  to  avoid  the  difficult  analysis,  connected  to  dispersion  of  the  particles  sizes. 

As  the  problem  is  geometrical,  it  is  possible  to  abstract  from  real  spatial  scale  of  system  and  to 
introduce  relative  scale,  in  which  the  length  unit  is  a  diameter  of  large  particles  (oxidizer).  Thus,  it  is 
considered,  that  the  diameter  of  particles  of  an  oxidizer  is  equal  to  unit,  and  the  relative  diameter  of 
aluminum  particles  is  equal  d  <\. 
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The  system  is  characterized  by  components  volumetric  fraction,  equal  to  the  ratio  of  given  kind 
particles  total  volume  to  whole  system  volume.  We  shall  introduce  volumetric  fraction  of  oxidizer 
particles  and  aluminum  particles  .  In  the  present  work  the  composite  solid  propellants,  in 
which  the  aluminum  mass  fraction  changed  in  ranges  10  ...25  %  (  =  0.07... 0.1 7),  and  oxidizer 
mass  fraction  -  in  ranges  40  ...70  %  (  =  0.3 8... 0.66),  were  considered  .  The  rest  of  the  propellant's 
weight  is  related  to  binder. 

For  understanding  of  composite 
solid  propellants  structure  is  of  interest 
evidently  to  see  as  components  in  volume 
of  system  are  distributed.  Although  the 
viscous  suspension  method  allows  to 
obtain  coordinates  of  all  particles  of 
system,  to  show  its  3D-picture  in  the 
present  work  it  is  difficult.  To  imagine 
distribution  of  particles  in  system,  we  shall 
consider  a  planar  model  of  propellant, 
described  by  a  set  of  hard  disks  on 
plane. 

Fig.l  shows  the  structure  of  a 
planar  model  of  composite  solid 
propellants,  containing  particles  of  two 
kinds. 

The  analysis  shows,  that  at  a  microlevel  the  particles  of  components  are  distributed  non- 
uniformly:  the  particles  of  large  fraction  are  grouped  in  grains,  containing  a  number  of  oxidizer 
particles,  and  the  small  fraction  particles  (aluminum)  are  distributed  on  borders  of  oxidizer 
particles  grains,  forming  thin  layers. 

In  composite  solid  propellants  combustion  on  account  of  sintering  and  the  melting  of  metal 
particles  in  a  thermal  wave  the  agglomerates  form.  They  are  connected  with  a  burning  surface  and 
carried  away  from  it  under  action  of  propellant  gaseous  burning  products  [5-9],  For  agglomerates 
sizes  prediction  use  a  model  of  pockets  [5-6]. 


Figurel.  Planar  model  of  composite  solid  propellant. 
White  circles-oxidizer;  black  circles-aluminum. 
(v^=0.65;  v^=0.137;rf=0.2). 
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The  analysis  of  composite  solid  ^  2 
propellants  structure,  obtained  by  the  ^ 

viscous  suspension  method  computer  Q  j  -  •  c/=0.35  ^ 

modeling,  shows,  that  it  is  impossible  Q  ■  c/=0.5  // 

to  speak  that  in  propellant  the  oxidizer  0.8  -  j/ / 

particles  form  closed  pockets,  inside  / 

which  the  metal  particles  are  0.6  -  y' 

capsulated.  Nevertheless,  modeling  '  ^ 

shows,  that  the  aluminum  particles  in  0-4  '  _ _ _ 

propellant  are  located  compactly, 

0  2  - 

forming  isolated  clusters  of  contacting 
particles.  In  combustion  take  place  the 

„  ...  0 - 1 - 1 - 1 - 1 - 

sintering  of  contacting  aluminum 

0  0.03  0.06  0.09  0.12  0.11 

particles,  their  melting  and  fusion  in  a  Aluminum  volumetric  fraction 

single,  large  particle,  which  can  be  a  Figure  2.  Dependence  of  non-dimensional  average 

basis  of  agglomerate.  We  shall  name  such  mass  diameter  of  agglomerate  upon 

aluminum  volumetric  fraction, 
particle  as  sub-agglomerate.  The  agglomerate  /  v  ’ 

V  ’'^AP  ti.joy 

can  consist  several  of  sub-agglomerates, 
fused  on  burning  surfaces. 

If  sub-agglomerates  not  crumble  and  do  not  merge  with  each  other  on  a  burning  surface  the 
agglomerates  coincide  -with  sub-agglomerates. 

We  determine  the  sizes  of  sub-agglomerates  (agglomerates)  in  melted  states,  assuming,  that  the 
sub-agglomerates  coincide  with  clusters  of  contacting  aluminum  particles. 

The  algorithm  of  clusters  picking  in  the  system  is  based  on  the  following  definition  of  cluster: 
the  particle  concerns  to  the  given  cluster,  if  it  contacts  though  of  one  particle,  belonging  to  this 
cluster.  Inertness  of  the  calculation  scheme  in  a  viscous  suspension  method,  connected  with  final  size 
of  a  step  5t ,  results  in  that  in  a  final  equilibrium  condition,  strictly  speaking,  will  be  absent 
contacting  particles,  and,  an  average  backlash  between  surfaces  of  particles  will  be  about  Jr/2. 


Therefore  it  is  hereinafter  considered,  that  the  particles  have  contact  in  propellant,  if  the  backlash 
between  them  does  not  exceed  5 1 ,  i.e.,  if  a  condition  |  <  r.  +  r.  + St  is  realized. 
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The  statistical  characteristic  of  clusters  (agglomerates)  system  is  function  of  clusters  mass 
distribution.  For  considered  propellant,  containing  aluminum  particles  of  the  identical  sizes,  it  is 
meaningful  to  speak  about  a  mass  fraction  of  clusters  (agglomerates),  formed  by  equally  k  aluminum 
k  N(k) 

particles:  P(k)  =  — — ,  where  N{k)  -  number  of  clusters,  containing  equally  k  particles,  - 

^  z 

total  number  of  aluminum  particles  in 

1  1 - ■ — 

propellant.  The  average  mass  - 

E2  0.9  -  ■cf=0.35  • 

diameter  of  agglomerate  is  « 

•2  0  8  -  •  £f=0.5 

determined  by  a  ratio  ^  - 

00  2  0.7  -  ^ 

T>'  =  V  k'^  P(k) .  The  superscript  , 

k=\  1  0  ^  ■  S 

.2  ■ 

"1"  specifies  on  the  fact,  that  the  c  0.5  - 

a 

average  mass  diameter  is  related  to  0.4  - 

h  • 

unit  oxidizer  particle  diameter.  g  0  3  . 

g 

Taking  into  account  a  geometrical  |  0  2  -  B 

similarity  of  a  problem,  the  S  ■ 

S  0*  ■ 

agglomerate  average  mass  diameter  at 

0  -1 - 1 - 1 - 1 - 

any  diameter  of  an  oxidizer  particle  ^  qj  qjj  ^2 

is  determined  by  ratio  Aluminum  volumetric  fraction 


where  factor  of 


proportionality  depends  only  on  a 


Figure  3.  Dependence  of  maximum  clusters  size  upon 
aluminum  volumetric  fraction.  (  v^=0.38). 


relative  diameter  of  aluminum  particles  d 

and  volumetric  fraction  of  components  and  % .  The  obtained  ratio  correlate  with  well  known 
experimental  fact  of  proportionality  between  an  agglomerate  average  mass  diameter  and  an  oxidizer 
particles  average  mass  diameter  [5-9]. 

Fig. 2  shows  dependencies  of  agglomerates  average  mass  diameter  upon  aluminum 
volumetric  fraction  for  different  relative  diameter  of  aluminum  particles  d . 


The  analysis  of  mass  clusters  distribution  shows,  that  for  small  aluminum  volumetric  fraction 
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v^,  <0.15  great  mass  of  aluminum  is  concentrated  in  clusters,  containing  no  more  than  10-30 
particles.  However  already  at  >0.17  more  than  70  %  of  aluminum  mass  is  concentrated  in  single 
large  cluster. 

For  confirmation  of  this  fact  we  consider  as  the  size  of  the  largest  cluster  in  system  change  with 
increase  of  aluminum  volumetric  fraction  and  at  which  fractions  there  is  the  coherent  structure, 
extending  from  one  borders  of  system  to  other. 

Fig. 3  shows  dependence  of  the  maximum  cluster  size,  referred  to  the  size  of  system  upon 
aluminum  volumetric  fraction. 

For  considered  system,  since  concentration  »  0.17 ,  the  sizes  of  the  greatest  cluster  coincide 
with  the  sizes  of  whole  system.  Thus  for  >  0.17  in  system  there  is  cluster,  extending  per  whole 
system  and  ensuring  its  connectedness.  In  combustion  of  such  propellant  remains  solid,  unbumed 
residue,  the  shape  of  which  repeats  the  propellant  grain  shape. 

At  volumetric  fraction  <  0.14  the  probability  of  cluster  formation,  covering  whole  system. 


is  close  to  zero.  At  volumetric  fraction  in  the  range  »  0.1 5.  .  . 0.1 7  the  significant  fluctuations  of  the 


sizes  of  the  greatest  clusters  are  observed:  from  test  to  test  in  system  can  be  formed  as  small  clusters, 
have  the  sizes  much  less  than  system  sizes,  and  large  clusters,  covering  whole  system.  The 
fluctuations  decrease  with  increase  of  the  system  sizes.  It  is  possible  to  contend  that  for  system  of 
infinite  volume  there  is  a  threshold  value  of  aluminum  volumetric  fraction,  close  to  v^j«0.17,  is 
higher  which  in  system  coherent  cluster,  covering  whole  system,  will  be  formed.  For  volumetric 
fraction  of  aluminum  in  system,  smaller  0.17,  separate  isolated  clusters  will  be  formed  only,  sizes  of 
which  there  are  less  system  sizes. 

Many  properties  of  composite  solid  propellants  are  defined  by  a  mutual  location  of  disperse 
component  particles.  To  such  properties  concern  first  of  all  acoustic  and  electromagnetic:  the  mutual 
location  of  particles  in  propellant  defines  dispersion  and  attenuation  of  sonic  and  electromagnetic 
waves  in  a  material. 

One  of  the  important  statistical  performances  of  propellant  is  pair  correlation  function  g{r) , 


determined  as  g{r)  = 


dN{r,dr) 
4;r  r^ndr 


for  a  spatial  problem  and  g{r)  = 


dN(r,dr) 
2k  rndr 


for  a  planar  problem. 


where  dN  {r,  dr)  -  number  of  particles  in  spherical  (circular)  layer  [r,  r  +  dr],  average  on  all  particles. 
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chosen  as  a  centre  of  spherical  (circular)  layer,  n  -  average  number  of  particles  per  unit  volume. 

As  real  calculation  volume  has  the  limited  sizes  (in  present  work  it  is  10x10x10),  for  each 
particle  the  minimum  distance  up  to 
volume  borders  was  determined  and 
contribution  of  the  given  particle  in 
dN(r,dr)  was  calculated  for  all  r, 
smaller  this  distance.  It  allows  to  avoid 
distortions  of  function  g{r)  for  the 
account  of  boundary  effects.  At 
calculation  of  dN{r,  dr)  and  correlation 
function  was  assumed  dr  =  0\. 

Fig.4  shows  pair  correlation 
function  for  aluminum  particles. 

The  analysis  shows,  that  at  small 
volumetric  fraction  of  aluminum 
particles  the  pair  correlation  function  of 
an  oxidizer  particles  quickly  decreases  and 
already  on  distances  about  3-4  poorly  differs 

from  unit.  Increase  of  aluminum  particles  fraction  results  in  that  the  location  of  an  oxidizer  particles 
in  propellant  becomes  more  correlated  and  correlation  range  is  increased  in  some  times. 


Figure  4.  Pair  correlation  function  of  aluminum 
particles,  =0.38;  v^=0.137. 


The  conclusion 

Thus,  in  work  an  analog  model  of  random  distribution  of  hard  spheres  in  volume  (hard  disks  on 
a  plane),  named  by  a  viscous  suspension  method  is  suggested. 

By  the  method  of  viscous  suspension  the  statistical  structure  of  metalized  composite  solid 
propellants  are  investigated.  Is  shown,  that  many  properties,  required  for  modeling  of  various 
performances  of  propellant  can  be  obtained  by  computer  simulation,  using  a  suggested  method. 

Parametrical  research  of  some  properties  of  propellant  in  a  wide  range  of  the  aluminum 
particles  sizes  and  components  concentration  is  carried  out. 

Is  shown,  that  the  agglomerates,  formed  in  composite  solid  propellant  combustion,  have  the 
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sizes,  linearly  dependent  on  the  sizes  of  an  oxidizer  particles.  This  dependence  is  purely  geometrical 
and,  apparently,  poorly  depends  on  physical  properties  of  components. 

Is  shown,  that  the  statistical  structure  of  propellants  depends  on  mutual  influence  of 
components:  the  pair  correlation  function  of  an  oxidizer  particles  much  depends  on  aluminum 
concentration  and  size  of  its  particles. 

Is  shown,  that  there  is  the  critical  value  of  aluminum  volumetric  fraction,  is  higher  which  after 
propellant  combustion  there  is  the  solid  residue,  formed  by  sintered  aluminum  particles,  shape  of 
which  repeats  the  shape  of  propellant  grain. 

The  suggested  method  opens  new  possibilities  for  statistical  modeling  of  various  properties  of 
composite  solid  propellants,  composite  explosives  and  other  composite  materials,  containing  hard 
particles. 
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Finite  Elemente  Modellierung  der  Mikromechanik  von  Festtreibstoffen  und 

Treibladungspulvern 
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Fraunhofer-lnstitut  fur  Chemische  Technologie  ICT 
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Abstract 

Modern  rocket  motor  propellants  and  gun  powders  can  be  regarded  as  composite 
materials:  hard  filler  particles  are  embedded  in  a  soft  matrix  material.  In  these  materials 
the  adhesion  between  filler  and  matrix  is  very  important.  The  influence  of  the 
dewetting,  the  detachment  of  the  matrix  from  the  filler  surface,  on  the  mechanical 
behavior  of  the  composite  material  was  simulated  with  the  help  of  a  Finite  Elemente 
Model  of  an  elementary  cell  of  a  filler  particle  in  the  matrix  material.  In  this  paper,  the 
influence  of  the  stage  of  dewetting  on  Poisson's  Ratio  is  discussed. 

Kurzfassung 

Moderne  Raketenfesttreibstoffe  und  Treibladungspulver  konnen  als  Composite- 
Werkstoffe  betrachtet  werden:  Harte  Fullstoffpartikel  sind  in  einem  weichen 
Matrixmaterial  eingebettet.  Bei  diesen  Materialien  spielt  die  Haftung  zwischen 
Matrixmatrial  und  Fullstoff  ein  groSe  Rolle.  Die  Auswirkung  der  Ablosung  der  Matrix 
von  der  Fullstoffoberflache  auf  das  Materialverhalten  wurde  an  einem 
Elementarzellenmodell  eines  Fullstoffteilchens  in  dem  Matrixmaterial  mit  der  Methode 
der  Finiten  Elemente  simuliert.  Der  EinfluB  des  Ablosegrades  des  Fullstoffes  von  der 
Matrix  auf  das  Poissonverhaltnis  ist  hier  beschrieben. 

1.  Einleitung 

Durch  den  Haftungszustand  zwischen  Fullstoff  und  Matrixmaterial  werden  die 
Gebrauchseigenschaften  (Mechanik,  Abbrandverhaiten)  von  Raketenfesttreibstoffen  und 
Treibladungspulvern  sehr  stark  beeinfluBt.  Die  Ablosung  zwischen  Matrixmaterial  und 
dem  eingearbeiteten  Fullstoff  auBert  sich  in  einer  Anderung  der  mechanischen 
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Eigenschaften,  insbesondere  auch  durch  die  Anderung  des  Querdehnungsverhaltens. 
Zur  experimentellen  Analyse  dieses  Querdehnungsverhaltens  wird  im  ICT  ein 
beruhrungsloses  MeBverfahren  elngesetzt/1/. 

Parallel  dazu  wird  an  einem  Elementarzellenmodell  der  EinfluB  des  Ablosegrades  des 
Ftillstoffes  von  der  Matrix  auf  das  Poissonverhaltnis  untersucht. 

2.  Elementarzellenmodell 

Das  in  121  entwickelte  Elementarzellenmodell  wurde  als  Grundlage  fur  die  Finite 
Elemente  Berechnungen  herangezogen.  Der  Treibstoff  wird  durch  eine  kubische 
Elementarzelle  aus  elastischem  Matrixmaterial  mit  einem  starren  wurfelfbrmigen 
EinschluB  als  Fullstoff  beschrieben. 


Bild  1 :  Modell  der  Elementarzelle 
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Zur  Untersuchung  des  Einflusses  von  Matrix-Fullstoffablosungen  auf  das  mechanische 
Verhalten  der  Elementarzelle  warden  die  foigenden  drei  Zustande  definiert  und 
modelliert  (Bild  2): 

-  pefektes  Haften 

-  abgeloster  Zustand 

-  totale  Ablosung. 


perfektes  Haften 


— 

-  Matrix 

— 

— 

-  FQIIstoff 

Matrix 


FQIIstoff 


abgeloster  Zustand 


Matrix 


FQlistoff 


totale  Ablosung 

Bild  2:  Modelle  der  drei  Ablosezustande 

Zu  Beginn  der  Belastung  haftet  das  Matrixmaterial  am  FQIIstoff.  Dieser  Zustand  wird  als 
perfektes  Haften  bezeichnet.  Hierdurch  wird  der  Anfangszustand  zu  Beginn  der 
Belastung  beschrieben. 

Wird  die  Elementarzelle  waiter  belastet,  dann  lost  sich  das  Matrixmaterial  an  den 
horizontal  liegenden  Fullstoffoberflachen  aufgrund  von  Normalspannungen  ab.  Es 
herrscht  jedoch  zwischen  den  vertikalen  Grenzflachen  des  Fullstoffes  und  dem 
Matrixmaterial  weiterhin  Haftung.  Der  Eintritt  dieses  abgelosten  Zustandes  macht  sich 
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in  einer  Abfiachung  der  Spannungs-Dehnungskurve  fur  die  Elementarzelle  bemerkbar. 
Das  Material  erscheint  weicher. 

Bei  weiterer  Belastungssteigerung  lost  sich  die  Grenzflache  zwischen  Matrixmaterial  und 
Fullstoff  auch  an  den  vertikalen  Grenzflachen  des  Einschlusses  ab.  Hierdurch  tritt  eine 
weitere  Erweichung  des  Materials  ein.  Es  ubertragt  nur  noch  das  weiche  Matrixmaterial 
die  Spannung.  Dieser  Zustand  wird  totale  Ablosung  genannt. 

3.  FE-Modell  der  Elementarzelle 

Die  in  Abschnitt  2  beschriebenen  Zustande  „perfektes  Haften",  „abgel6ster  Zustand" 
und  „totale  Ablosung"  wurden  fur  Fullstoffanteile  von  15  Vol%  und  45  Vol% 
modelliert.  Zur  Reduzierung  der  Rechenzeit  werden  die  Symmetrieeigenschaften  des 
Bauteils  bezuglich  Geometrie  und  Belastung  ausgenutzt.  Es  wurde  ein  Achtel-Ausschnitt 
der  Zelle  fur  die  FE-Rechnung  diskretisiert  131.  Hier  wurde  das  Modell  entlang  seiner 
Symmetrieebenen  bezuglich  der  Belastung  und  Geometrie  aufgeteilt.  Die 
Randbedingungen  an  den  Symmetrieebenen  wurden  so  gewahit,  daB  sich  die  in  den 
Symmetrieebenen  befindlichen  Knoten  nur  innerhalb  der  Symmetrieebenen  bewegen 
konnen.  Die  Zelle  wird  axial  auf  Zug  belastet.  Der  Belastungszustand  ist  somit 
symmetrised  zu  den  Symmetrieebenen  der  Elementarzelle,  deshalb  bleiben  die 
Symmetriebenen  bei  der  Belastung  eben. 


Bild  3:  FE-Modell  der  Elementarzelle 
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Das  FE-Modell  fur  den  Fullstoffanteil  von  45  Vol%  ist  im  Bild  3  dargestellt.  Bei  einem 
Fullstoffanteil  von  15  Vol%  ist  die  Elementeinteilung  ahniich,  lediglich  der  Fullstoff 
nimmt  entsprechend  des  kleineren  Anteils  weniger  Raum  ein.  Fur  beide  Fiillstoffanteile 
wurde  das  weiche  Matrixmaterial  mit  einem  deutlich  kleineren  Elastizitatsmodul  (4.2 
N/mm^)  als  der  Fullstoff  (40.000  N/mra^)  modelliert.  Das  Fullstoff  verhalt  sich  durch  den 
deutlich  grdSeren  Elastizitatsmodul  im  Vergleich  zur  Matrix  praktisch  starr. 

Die  Elementarzelle  wird  zur  Simulation  des  Zugversuches  in  der  Finite  Elemente 
Rechnung  auf  Zug  belastet,  und  das  mittlere  Poissonverhaltnis  uber  die  gesamte 
Elementarzelle  wird  numerisch  berechnet.  Die  Belastung  wird  durch  sogenannte  Master- 
Slave-Knoten  aufgebracht.  Das  heiSt,  an  einem  Knoten  -  dem  Master-Knoten  -  wird  die 
Belastung  aufgebracht.  Die  anderen  Knoten,  die  in  der  Belastungsebene  liegenen,  die 
sogenannten  Slave-Knoten,  werden  durch  die  Master-Slave-Beziehung  so  gekoppelt, 
daB  sie  in  Belastungsrichtung  den  gleichen  Weg  zurucklegen  wie  der  Masterknoten.  Die 
Belastungsebene  bleibt  somit  eben.  Diese  Annahme  entspricht  den 
Einspannbedingungen  beim  Zugversuch. 

Beim  Zustand  des  perfekten  Haftens  besteht  eine  feste  Verbindung  zwischen 
Matrixmaterial  und  Fullstoff,  d.h.  daB  die  Knoten,  die  an  der  Grenzflache  zwischen 
Ftillstoff  und  Matrixmaterial  liegen,  direkt  miteinander  gekoppelt  sind. 

Der  abgeloste  Zustand  wurde  so  diskretisiert,  daB  zwischen  der  Deckflache  des 
Fiillstoffwurfels  und  dem  Matrixmaterial  keine  feste  Verbindung  vorlag. 

Beim  Zustand  der  totalen  Ablosung  waren  alle  seitlichen  Grenzflachen  zwischen  Fullstoff 
und  Matrixmaterial  abgelost.  Bei  der  totalen  Ablosung  wurden  die  Matrix  und  der 
Fullstoff  als  Kontaktkorper  modelliert  /4/.  Die  Wechseiwirkung  zwischen  Fullstoff  und 
Matrixmaterial  wird  als  Kontaktkorper  berechnet. 
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4.  Finite  Elemente  Berechnung  des  Poissonverhaltnisses  der  Elementarzelle 

Das  Poissonverhaltnis  der  Elementarzelle  ergibt  sich  aus  der  mittleren  Querdehnung  der 
Elementarzelle,  bezogen  auf  die  Ausgangsbreite.  Sie  entspricht  in  der  Modellvorstellung 
dem  makroskopisch  melBbaren  Poissonverhaltnis  des  Treibstoffes,  das  im  Zugversuch 
ermittelt  wird. 


Das  Querkontraktionsverhalten  des  Matrixmaterials  wurde  in  den  FEM-Berechnungen 
durch  ein  deformationsabhangiges  Poissonverhaltnis  beschrieben,  das  mit  der  folgenden 
vereinfachten  Geradengleichung  definiert  wird: 


v(8|)  =  0.5- 0,34 -e. 


(1) 


Dies  ist  naherungsweise  das  Poissonverhaltnis  eines  volumenkonstanten  Materials, 
welches  exakt  der  Formel 


v(£,)  =  - 


1 


1- 


1 


(2) 


gehorcht,  was  im  Zugversuch  an  reinem  Matrixmaterial  bestatigt  werden  konnte. 


4.1  Definition  des  Poissonverhaltnisses  der  Elementarzelle 


Die  experimentelle  Ermittiung  des  Querkontraktionsverhaltens  von  Materialien  erfoigt  im 
ICT  im  Zugversuch  mit  einem  beruhrungslosen  Projektionsverfahren.  Hierbei  wird  ein 
Probestab  mit  einer  optischen  Vorrichtung  durch  WeiBlicht  angestrahit,  und  zur 
Bestimmung  der  Querkontraktion  wird  das  Schattenbiid  vermessen  /I/.  Bei  diesem 
Versuch  wird  die  mittlere  Querkontraktion  uber  die  Probenlange  gemessen.  Die 
Bestimmung  der  Langsdehnung  erfoigt  ebenfalls  beruhrungslos  mit  einem 
laseroptischen  Verfahren  /8/.  Aus  der  Langsdehnung  und  der  Querkontraktion  wird  das 
Poissonverhaltnis  berechnet. 

Zur  qualitativen  Bewertung  und  Beurteilung  der  Finite  Elemente  Ergebnisse  wird  das 
Poissonverhaltnis  der  Elementarzelle  berechnet.  Es  hangt  vom  Ablosezustand  und  dem 
Fullstoffgehalt  ab.  Bei  der  Belastung  der  Elementarzelle  in  Langsrichtung  verlangert  sie 
sich.  Durch  den  steifen  Fullstoff,  der  die  Querdehnung  behindert,  ist  die  Verschiebung 
quer  zur  Belastungsrichtung  nicht  uber  die  gesamte  Lange  der  Elementarzelle  konstant. 
Im  Bereich  des  Fullstoffes  ist  die  Querkontraktion  daher  am  kleinsten. 
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Das  Poissonverhaltnis  v  der  Elementarzelle  ergibt  sich  aus  dem  Verhaltnis  der  mittleren 
Querdehnung  eq  und  der  Gesamtiangsdehnung  ei  der  Elementarzelle: 

o  =  -^  (3) 
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Aus  der  Diskretisierung  der  Elementarzelle  (Bild  3)  ergibt  sich  direkt  eine  Einteilung  des 

des  mittleren  Poissonverhaltnisses  (Bild  4). 


Elementarzellenwurfels  zur  Berechnung 


Qo 


lo  Hohe  der  unverformten  Elementar¬ 

zelle 

I,  Hohe  eines  unverformten  Elementar- 

zellenstreifens 

^li  Verlangerung  der  Elementarzellen- 

streifens  in  Langsrichtung 
^Igjs  Gesamtverlangerung  der 

Elementarzelle  in  Langsrichtung 
qo  Breite  der  unverformten 

Elementarzelle 
Querverschiebung  des 
Elementarzellenstreifens  (Verschie- 
bung  quer  zur  Belastungsrichtung) 


Bild  4:  Viertelausschnitt  der  Elementarzelle  zur  Berechnung  des  Poisonverhaltnisses 
unbelastete  Struktur  { - ),  belastete  Struktur  ( -  ) 

Zur  Einsparung  von  Rechenzeit  genugt  es,  aus  Symmetriegrunden  einen 
Viertelausschnitt  aus  der  Mittelebene  der  Elementarzelle  zu  betrachten.  Die 

Elementarzelle  wird  in  Langsrichtung  auf  Zug  belastet.  Somit  bleiben  die 

Symmetrieebenen  bezCiglich  der  Geometrie  und  der  Belastung  nach  Aufbringen  der  Last 
erhalten.  Das  heiBt,  die  Symmetrielinien  des  Viertelausschnittes  bleiben  gerade. 
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Die  mittlere  Querdehnung  eq  der  Elementarzelle  ergibt  sich  aus  dem  Verhaltnis  des 
arithmetischen  Mittelwerts  der  Querverschiebung  Aq  und  der  Breite  der  unverformten 
Elementarzelle  qo : 


qo 


(4) 


Der  arithmetlsche  Mittelwert  der  Querverschiebung  der  Elementarzellenstreifen 
berechnet  sich  aus  den  Querverschiebungen  der  einzelnen  Streifen  Aqi,  gewichtet  mit 
dem  relativen  Langenanteil  der  Streifen: 


Aq  = 


Anzahider  Streifen 


S  Aqi. 


li+Ali 

1o+Alges 


(5) 


4.2.  Berechnung  der  mittleren  Poisonzahl  mit  dem  Elementarzellenmodell 

Fur  die  drei  Zustande  „perfektes  Haften",  „abgel6ster  Zustand"  und  „totale  Ablosung" 
wurden  mit  dem  deformationsabhangigen  Poissonverhaltnis  fur  das  Matrixmaterial  nach 
Gleichung  1  Finite  Elemente  Berechnungen  durchgefuhrt.  Das  Ziel  dieser  Berechnungen 
war  es,  den  EinfluS  des  Ablosezustandes  auf  das  mittlere  Poissonverhaltnis  der 
Elementarzelle  nach  Gleichung  2  zu  simulieren  und  mit  experimentellen  Ergebnissen  zu 
vergleichen. 

Die  Ergebnisse  der  Finite  Elemente  Berechnungen  sind  in  Bild  5  fur  die  drei 
beschriebenen  Zustande  dargestellt.  Es  zeigt  sich,  daB  mit  zunehmendem  Ablosegrad 
das  berechnete  Poissonverhaltnis  abnimmt. 

Dieser  Sachverhalt  wird  durch  die  experimentellen  Ergebnisse  unterstutzt  (Bild  6).  Das 
Poissonverhaltnis  wurde  experimentell  in  einem  zykiischen  Belastungsversuch  ermittelt. 
Mikrospische  Aufnahmen  von  gefullten  Probekorpern  zeigten,  daB  mit  zunehmender 
Belastung  der  Ablosegrad  zwischen  Matrixmaterial  und  Fullstoff  zunimmt.  Parallel  dazu 
zeigt  der  zykiische  Versuch,  daB  mit  zunehmender  Zahl  der  Lastwechsel  das 
Poissonverhaltnis  abnimmt.  Dies  laBt  sich  dahingehend  deuten,  daB  mit  zunehmender 
Ablosung  des  Fullstoffes  vom  Matrixmaterial  das  Poissonverhaltnis  abnimmt.  Dieser 
experimentell  gefundene  Sachverhalt  wird  durch  die  durchgefuhrte  Finite  Elemente 
Berechnung  qualltativ  bestatigt. 


Poissonverhaeltnis  [/] 
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Bild  5:  Mit  der  Finite  Elemente  Methode  berechnete  Poissonverhaltnisse  fur 
verschiedene  Abldsezustande 


Dehnung  [%] 


Bild  6:  Im  zykiischen  Versuch  experimentei  ermittelte  Poissonverhaltnisse 
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5.  SchluBfolgerung  und  Ausbiick 

Die  Anderung  des  Poissonverhaltnisses  von  Festtreibstoffen  unter  Belastung  im 
Zugversuch  wurde  durch  eine  zunehmende  Ablosung  des  Matrixmaterials  von  der 
FQIIstoffoberflache  erklart,  wofur  einige  gewichtige  experimentell  ermittelte  Indizien 
sprachen.  Dieser  Zusammenhang  konnte  durch  eine  FE-Rechnung  einer  Elementarzelie 
eines  Fullstoffteilchens  in  elastischem  Matrixmaterial  qualitativ  bestatigt  werden. 


Mit  der  Messung  des  Poissonverhaltnisses  von  Festtreibstoffen  ist  es  daher  moglich, 
Schadensdetektion  im  Flinblick  auf  die  Matrix-FQIIstoff-Anbindung  zu  betreiben  und 
damit  deren  Qualitat  zu  beurteilen. 

Die  Arbeiten  werden  weitergefuhrt  mit  realistischeren  Modellen  (kugelformiger  Fullstoff) 
zur  Verifikation  des  Zusammenhanges  von  Ablosezustand  und  Poissonverhaltnis. 
Danach  werden  verschiedene  Elementarzellen  kombiniert,  urn  die  gegenseitige 
Beeinflussung  der  Elementarzellen  untereinander  zu  studieren  und  zu  einem 
realistischeren  Materialmodell  zu  gelangen.  Zur  Berechnung  hoherer  Fullgrade  wird  an 
eine  Simulation  bimodaler  Verteilungen  gedacht. 
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:HiVRA(rreRizmoN  for  bonding  efficiency  of  the 

BONDING  A®NTS  IN  (XWPOSIIE  SOLID  P«Of%LLANTS 
BY  DYNAMIC  MECHANICAL  AYALYSIS 

j  AIMIN  PANG,  JINHAN  ffU,  HUIPING  JIANG 
(Hipl  RED-STAR  CHEMISTRY  INSTI'njmXIANGFAN,  44l003,  CHINA) 

ABSTRACT 

Cornel  Ite  solid  prcpellaat  is  a  Dighl}’  filled  elastamsr,  the 
fillersljil!  jd  extensively  in  today’s  coaposltes  solid  propellants  are 
AP,BMX  «  ®X,  which  are  all  non-  teinf arced  fillers;  Thus,  the 
interacll  n  between  these  filler  and  binder  natrix  will  be  very  weak, 
ihis  alfDi  ys  results  in  deretting  vnder  a  certain  load,  which  have  a 
detriaent  I  effect  on  the  aechanical  properties,  cambustJoi} 
propertfit  i  and  aging  properties  of  the  propellants.  Adding  a  dash  of 
bondintfi  kgnnt  is  the  noat  effective  and  economical  nethod  to 
anelio^l  >  the  interfacial  binding. 

Dyoli:  ;  aechanical  analysis  is  an  effective  approach  in  the 
inve5t|{gi  tlon  of  visco-elastic  response  of  polyaers.  The  visco-elastic 
^ectt||i  is  a  reflection  of  the  Bolecular  novenent  which  can  coablhe 
the  an  oscopic  struotuxe  with  its  nlcroncoplo  nechanical  properties. 

The||d  iiaaic  aechanical  properties  of  conposite  solid  propellants 
with  md  without  a  bonding  agent  were  studied  as  a  ftinction  of 
teapeml  ire  in  this  paper.  The  propellants  (HTPE/AP,  Polyeter/ffltt)  Was 
evalu^  1  by  establishing  a  neimphese  or  interpbase  nodel  and 

intro^  ing  a  Oliaracteriration  factor,  A.  The  result  nhows  that  the 
lowerftl  e  value  of  A,  the  higher  the  bonding  efficiency  is  in  this 
teapelh  are  range.  This  investigation  prorida  a  new  aetbod  for  iJie 
ebar^  rizatxon  of  bonding  efficiency  of  bonding  agents  in  cooposite 
soliip)  opellants. 
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Characterisation  of  Propellant  Cure 

L  Cribb,  A  V  Cunliflfe  and  D  A  Tod 

DERA.  WX4 
Fort  Halstead 
Sevenoaks,  Kent,  UK 

Composite  rocket  propellants  based  upon  hydroxy  terminated  polybutadiene  cured  with 
isophorone  di-isocyanate  are  probable  the  most  common  systems  used  today.  Little  work  has 
been  conducted  upon  subtle  changes  in  the  mechanical  properties  of  the  material  during  the 
cure  cycle.  The  way  the  material  cures  in-situ  within  the  motor  body  will  inevitable  afiect  the 
mechamcal  integrity  of  the  charge. 

In  this  study  we  report  the  characterisation  of  the  cure  of  rubbery  composite  propellants 
based  upon  HTPB  cured  with  IPDl.  The  technique  of  dynamic  stress  theometry  has  been  used 
where  small  samples  of  the  material  have  been  cured  in-situ  whilst  the  dynamic  viscosity  has 
been  monitored.  The  key  element  of  the  trials  is  the  sensitivity  of  the  transducer  system  used 
which  allows  very  subtle  changes  in  mechamcal  stiffiiess  to  be  determined.  The  trials  have 
included  a  range  of  different  binder  curative  ratios  with  and  without  the  incorporation  of 
fillers.  The  cure  temperature  has  also  been  investigated  together  with  die  influence  of  bonding 
agents. 
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PLASTICISERS  FOR  NEW  ENERGETIC  BINDERS 
Paul  Bunyan,  Anthony  Cunliffe  &  Peter  Honey 
DERA,  FORT  HALSTEAD,  Sevenoaks,  Kent  TN14  7BP,  UK 

ABSTRACT 

The  physical  and  chemical  behaviour  of plasticisers  for  new  elastomeric  energetic  binders 
are  discussed.  It  is  emphasised  that  a  number  of  different  properties  need  to  be  considered 
when  choosing  plasticisers,  and  the  choice  often  depends  upon  a  compromise  between 
conflicting  properties. 

Experimental  results  for  the  lowering  of  the  polyNIMMO  binder  glass  transition  temperature 
by  a  range  of  plasticisers,  as  measured  by  DSC,  are  presented.  The  experimental  results  can 
be  described  in  terms  of  simple  equations,  relating  the  Tg  of  mixtures  to  those  of  the  pure 
components.  An  expression  is  derived for  the  efficiency  of  a  plasticiser  in  lowering  the  Tg 
and  this  is  used  to  compare  different  plasticisers.  However,  high  plasticising  efficiency  is  not 
the  only  criterion  for  choice  of plasticiser,  since  it  is  necessary  to  consider  other  properties, 
such  as  miscibility  and  migration  properties. 

One  measure  of  migration  is  the  diffusion  rate.  Experimental  results  for  diffusion  rates  of 
plasticisers  in  polyNIMMO  binders  are  presented.  The  results  show  that  plasticisers  which 
are  good  at  lowering  the  Tg  of  the  binder  may  also  have  high  diffusion  rates,  leading  to 
migration  problems.  Conversely,  a  plasticiser  (BDNPA/F)  which  is  relatively  poor  at 
lowering  Tg  has  a  particularly  low  diffusion  rate.  It  is  suggested  that  free  volume  theories 
provide  the  necessary  link  between  the  various  physical  properties. 

The  importance  of  stability  considerations  for  the  choice  of plasticiser/binder  systems  is 
stressed.  Examples  of  instability  caused  by  plasticisers  are  given. 

There  is  a  need  for  better  plasticisers,  and  one  possibility  is  to  use  oligomeric  plasticisers. 
DERA  results  for  materials  of  this  type  are  presented,  and  show  encouraging  properties.  It  is 
concluded  that  further  work  is  required,  to  understand  the  behaviour  of  existing  plasticisers, 
and  to  develop  new  ones. 
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1.  Introduction 

There  has  been  considerable  interest,  over  the  past  few  years,  in  energetic  binders  based  on 
elastomeric,  energetic  pre-polymers.  Composite  energetic  materials,  based  on  these  binders, 
in  conjunction  with  crystalline  fillers  such  as  HMX,  have  been  proposed  for  most  types  of 
application,  including  rocket  propellants,  gun  propellants  and  plastic  bonded  explosives 
(PBXs)  [1],  The  most  developed  systems  are  based  on  glycidyl  azide  polymer  (GAP), 
poly(3-nitratomethyl-3-methloxetane)  (polyNIMMO),  and  poly(glycidyl  nitrate) 
(polyGLYN).  In  the  UK,  collaboration  between  DERA  and  ICI  Explosives  has  resulted  in 
extensive  development  of  polyNIMMO  and  polyGLYN,  and  the  materials  show  considerable 
promise.  One  aspect  which  has  been  the  recognised  from  the  outset  with  all  currently 
available  energetic  pre-polymers  is  the  need  to  use  energetic  plasticisers  to  obtain 
formulations  with  properties  acceptable  for  service  use.  From  UK  experience,  it  has  become 
clear  that  there  are  problems  associated  with  currently-available  plasticisers,  which  are  all  far 
from  ideal.  We  have  thus  initiated  a  programme  to  address  this  problem.  The  programme  is 
presently  in  progress;  this  paper  describes  some  of  the  results  to  date,  and  also  indicates 
future  directions.  It  is  concerned  mostly  with  our  attempts  to  understand  the  behaviour  of 
existing  plasticisers,  and  their  implications  for  developing  improved  systems. 

It  is  clear  that  plasticisers  are  required  in  energetic  formulations  for  a  number  of  reasons,  and 
that  the  properties  which  need  to  be  considered  are  even  more  numerous  (Table  1). 

1.  Plasticisation  -  lower  Tg 

2.  Improve  processing  -  lower  viscosity 

3.  Physical  compatibility  -  polymer-plasticiser  interaction  parameter 

4.  Low  migration  -  diffusion 

5.  Low  migration  -  volatility 

6.  No  adverse  effects  on  cure  reactions 

7.  Energy  -  plasticisers  often  added  to  increase  energy. 

8.  Stability  -  long  term  stability  can  be  crucial. 

9.  Chemical  compatibility  -  adverse  reactions  between  ingredients 

10.  Hazard  properties  -  particularly  in  processing 

1 1 .  Availability 

12.  Cost 

13.  Purity 

14.  Toxicity. 


Table  1.  Plasticiser  Requirements 
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We  may  divide  the  properties  required  into  three  categories.  Firstly,  there  are  physical 
considerations,  which  would  be  similar  to  requirements  for  ordinary  polymer  systems, 
ranging  from  ability  to  lower  the  glass  transition  temperature  (Tg)  of  the  binder,  to  low 
migration  properties,  together  with  the  requirement  not  to  adversely  effect  the  cure  behaviour. 
Secondly,  there  are  a  whole  set  of  considerations  which  arise  because  we  are  dealing  with 
energetic  materials,  ranging  from  the  plasticiser’s  ability  to  increase  the  overall  energy,  to 
considerations  of  stability,  compatibility  and  hazard  properties.  Finally,  there  are  the 
standard  considerations  of  availability,  cost,  purity  and  toxicity.  Many  of  these  requirements 
are  conflicting,  and  we  therefore  usually  end  up  with  the  best  compromise  for  a  given 
situation!  If  a  plasticiser  is  chosen  on  the  basis  of  optimising  a  single  property,  then  this  will 
often  lead  to  problems  with  other  requirements. 

2.  Lowering  of  the  Tg 

The  currently  available  energetic  prepolymers  all  have  Tg  s  above  -35®C,  and  the  values  are 
usually  about  10°  C  higher  for  the  cured  binders.  The  UK  temperature  requirement  for  air 
carriage  of  munitions  is  approximately  -55°  C  to  +70°  C,  so  that  it  was  Immediately  apparent 
that  a  plasticiser  was  necessary  to  lower  the  Tg  of  polyNIMMO  and  polyGLYN  binders.  In 
order  to  preserve  or  improve  the  energy  of  the  binder,  this  had  to  be  energetic.  This  did  not 
appear  to  be  a  great  problem  initially,  since  it  was  soon  found  that  energetic  plasticisers  were 
effective  in  lowering  the  Tg.  Data  for  KlO/polyNIMMO  is  shown  in  Table  2  ( all  TgS  were 
measured  by  DSC).  However,  it  was  clear  that  different  plasticiser  had  different  abilities  to 
lower  Tg,  and  we  therefore  looked  at  the  plasticiser  efficiency  of  different  plasticisers  with 
polyNIMMO. 


Plasticiser  Concentration  %  w/w 

TgT 

Tg"K 

0 

-15.0 

258.2 

25 

-36.4 

236.8 

33 

-39.1 

234.1 

50 

-49.3 

223.9 

100 

-66.7 

206.5 

Table  2  Plasticisation  of  PolyNIMMO  by  KIO 
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The  first  step  is  to  develop  a  method  to  describe  the  behaviour  of  the  plasticiser  in  the  binder. 
Our  approach  is  illustrated  in  figure  1 .  We  measure  the  Tg  of  the  cured  polymer,  the  Tg  of 
the  pure  plasticiser,  and  the  Tg  of  cured  plasticiser/polymer  mixtures.  (We  found  that  all  the 
plasticisers  which  we  have  studied  so  far  readily  form  a  glass  on  cooling,  and  therefore  show 
a  Tg).  In  order  to  understand  the  factors  controlling  the  plasticiser  behaviour,  we  wish  to 
describe  this  behaviour.  We  therefore  looked  at  theories  of  plasticiser  behaviour.  Firstly,  we 
may  take  a  purely  empirical  approach.  The  simplest  assumption  is  that  the  Tg  of  the  mixture 
lies  between  that  of  the  pure  components,  and  the  simplest  relationship  is  a  linear  one. 

Tg=  w,  ♦Tgi  +  W2*Tg2 

As  with  all  problems  of  this  type,  the  second  approach  is  an  inverse  relationship; 

1/Tg  =  wl/Tgl  +w2/Tg2 

This  is  sometimes  referred  to  as  the  Fox  equation;  I  will  call  it  the  simple  Fox  equation.  It  is 
sometime  successful  in  describing  plasticiser  behaviour  and  the  similar  problem  of  Tgs  of 
copolymers,  but  does  not  in  general  fit  our  data.. 

We  then  looked  at  theories  of  Tg  of  plasticisers  or  co-polymers.  There  appear  to  be  two 
equations  commonly  quoted.  One  is  due  to  Gordon  and  Taylor  [2]. 

cl(Tg-Tgl)  +  X.c2(Tg-Tg2)  =  0 
The  quantity  X  is  given  by 

X  =  Apl/Ap2 

where  Api  is  the  difference  between  the  expansion  coefficients  for  the  rubbery  and  glassy 
states  for  polymer  1 . 

The  other  equation  is  the  generalised  Fox  equation  [3]; 

1/Tg  =  l/(cl+Bc2)  ♦(cl/Tgl  +  Bc2/Tg2) 

It  is  easy  to  show  that  these  two  equations  are  the  same,  if  we  write; 


A.  =  B*Tgl/Tg2 
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We  find  that  we  can  fit  our  experimental  data  with  equations  of  this  type,  by  choosing  a 
suitable  value  of  B.  A  typical  result  is  shown  in  figure  2.  In  general,  the  experimental  data 
tend  to  have  values  of  B  greater  than  unity,  so  that  the  experimental  points  fall  below  the 
simple  theories. 

Clearly,  we  can  describe  the  deviation  from  simple  behaviour  in  terms  of  the  quantity  B.  The 
nature  of  this  quantity  is  indicated  by  the  approach  of  Gordon  and  Taylor  [2].  Their  theory 
defined  the  Tg  in  terms  of  volume  changes  in  the  glassy  and  rubbery  phases  of  the  polymer. 
In  general  terms,  it  is  possible  to  relate  B  to  fi-ee-volume  changes  caused  by  plasticisation. 
The  larger  the  value  of  B,  the  greater  the  tree  volume  increase  caused  by  the  plasticiser. 

Thus,  if  the  data  deviates  greatly  from  the  simple  Fox  equation,  then  the  plasticiser  is  causing 
a  greater  than  expected  increase  in  fi'ee  volume. 

We  may  define  the  plasticiser  e  efficiency  as 


1  -  Polymer  2  -  Plasticiser 

We  see  that  there  are  two  factors  contributing  to  a  high  value  of  e.  Firstly ,  we  require  a  large 
value  of  (Tgj  -  Tgj);  that  is,  the  plasticiser  should  have  a  much  lower  Tg  than  the  polymer. 

Thus,  for  a  given  polymer  system,  we  require  a  plasticiser  with  as  low  a  Tg  as  possible.  In 
addition,  we  require  a  large  value  of  X.  Since  X  (and  B)  represents  the  deviation  from  ideal 
behaviour  in  the  Fox  equation,  large  values  of  this  quantity  represent  increased  plasticiser 
efficiency  over  that  expected  for  ideal  behaviour.  Thus,  large  deviations  fi'om  ideal  behaviour 
can  give  greater  lowering  of  the  Tg  s  of  the  binder.  It  will  be  seen,  however,  that  this  may 
lead  to  other,  undesirable  features  when  the  total  trade  off  between  a  range  of  properties  is 
considered. 
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We  have  found  that  this  simple  approach  describes  very  well  our  data  on  the  effect  of 
plasticisers  on  polyNIMMO  binders.  Typical  results  are  shown  in  figures  2  and  3.  The 
approach  is  a  good  way  of  characterising  the  plasticisation  behaviour  of  the  different 
plasticisers.  We  can  thus  characterise  the  behaviour  in  terms  of  the  parameters  described 
above.  Values  for  a  number  of  energetic  and  non-energetic  plasticisers  of  interest  are  shown 
in  Table  3.  The  approach  so  far  is  a  good  way  of  rationalising  the  experimental  data,  but  we 
wish  also  to  xmderstand  the  relationships  between  chemical  structure  and  behaviour.  We 
hope  to  apply  molecular  modelling  techniques  to  this  end.  Previous  work  [4]  has  shown  the 
usefulness  of  the  molecular  modelling  approach,  and  we  are  in  the  process  of  extending  the 
techniques  to  our  ore  comprehensive  and  better  understood  experimental  data. 


PLASTICISER 

Tg 

mu 

X 

6 

KIO 

206.3 

51.7 

1.905 

98.5 

BuNENA 

mBoam 

66.8 

1.607 

107.4 

MEN42 

193.9 

64.1 

2.334 

149.6 

BDNPA/F 

210.8 

47.2 

0.891 

LNP 

223.2 

34.8 

1.415 

49.2 

DOS 

167.6 

90.4 

2.338 

211.4 

DBP 

180.0 

78.0 

1.342 

104.7 

DOP 

190.2 

67.8 

1.927 

130.7 

NIMMO  Monomer 

178.0 

80.0 

Table  3.  Plasticiser  Efficiencies 


3.  Miscibility  and  Migration  Properties 

From  the  results  so  far,  it  would  appear  that  the  best  plasticisers  are  ones  with  low  TgS  ,  and 
large  values  of  X  (and  B).  It  might  appear  that  we  require  the  largest  value  of  X,  since  this 
gives  the  lowest  Tg  for  a  given  concentration.  However,  this  is  not  necessarily  the  case.  The 
reason  is  that  other  properties  are  also  important. 

I  show  two  examples  of  this.  If  we  consider  plasticisation  of  polyNIMMO  by  DOS,  then  this 
shows  a  very  large  value  of  B  (figure  4),  However,  the  curve  stops  at  20  %  of  DOS.  This  is 
because  at  this  stage  the  DOS  becomes  immiscible,  and  phase  separation  occurs.  In  general, 
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large  plasticisation  effects  are  associated  with  poor  solvent  systems,  and  there  is  thus  a 
greater  tendency  for  phase  separation  in  materials  which  cause  large  reductions  in  Tg. 
Similarly,  good  capability  for  lowering  the  Tg  is  often  associated  with  high  migration  rates. 
This  is  imderstandable  in  terns  of  free  volume  theories.  Large  free  volume  will  produce  large 
reductions  in  Tg,  but  it  will  also  be  associated  with  large  diffusion  rates.  The  free  volume 
approach  to  plasticisation  is  particularly  useful,  as  it  links  several  of  the  important  quantities. 
Thus,  free  volume  theories  can  be  used  to  describe  the  lowering  of  Tg,  the  diffusion  rates  and 
the  viscosity  of  polymer/plasticiser  compositions. 

We  hope  to  develop  these  ideas  further  to  attempt  to  rationalise  plasticiser  data.  It  has  always 
been  recognised  that  migration  problems  are  associated  with  plasticisers  in  energetic 
materials,  the  most  important  and  longest-suffered  case  being  “sweating”  of  NG.  We  wish  to 
obtain  reliable  quantitative  data  to  compare  different  plasticisers.  One  problem  is  that  the 
actual  practical  behaviour  depends  upon  a  number  of  properties,  such  as  diffusion 
coefficients,  vapour  pressure,  polymer/solvent  interaction  parameters  etc.,  as  well  as  the 
actual  configuration  of  the  system,  temperature  and  temperature  gradients  etc.  However,  as  a 
starting  point  we  have  a  programme  to  measure  diffusion  coefficients.  In  certain 
circumstances  this  will  determine  migration  behaviour,  and  is  a  good  first  indication  of  the 
relative  mobility  of  plasticisers. 

The  next  table  shows  measured  diffusion  coefficients  for  a  number  of  plasticisers  in 
polyNIMMO  binders  at  75°  C. 


PLASTICISER 

TEMPERATURE  “C 

ACTIVATION  ENERGY 

KJ  Mole' 

75 

2.40 

51.5 

BuNENA 

75 

1.23 

51.2 

KIO 

75 

1.15 

56.6 

BDNPA/F 

75 

0.45 

59.6 

Table  4.  CoefRcients  &  Activation  Energies  for  Diffusion  in  PolyNIMMO  Binders 


We  see  that  there  is  a  considerable  variation  in  the  diffusion  coefficients  for  the  four 
materials. 
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It  is  of  interest  to  compare  these  results  with  the  better  known  example  of  nitro-cellulose 
migration.  Results  are  shown  in  Table  5. 


PLASTICISER/POLYMER 

TEMPERATURE 

*C 

ACTIVATION  ENERGY 
KJMole' 

KlO/PolyNIMMO 

75 

1.15 

56.6 

BuNENA/polyNIMMO 

75 

51.2 

BuNENA/Nitro-cellulose 

75 

.013 

72 

NG/Nitro-cellulose 

75 

.014 

95 

Table  5.  Diffusion  Constants  in  PolyNIMMO  and  Cellulose  Nitrate 


We  see  that  the  diffusion  constant  for  BuNENA  in  polyNIMMO  is  roughly  two  orders  of 
magnitude  greater  in  polyNIMMO  than  in  cellulose  nitrate.  This  is  no  surprise  when  we 
consider  the  nature  of  the  two  materials.  Cured  polyNIMMO  is  a  soft,  elastomeric  material 
whereas  un-plasticised  nitro-cellulose  is  a  thermoplastic,  partially  crystalline  material  at  room 
temperature.  The  different  behaviour  can  be  understood  in  a  general  way  in  terms  of  the 
relative  glass  transition  temperatures  of  the  two  materials.  Thus,  plasticiser  migration 
problems  can  be  rationalised  in  terms  of  the  glass  transition  temperatures  of  the  two 
materials. 

These  considerations  illustrate  that  migration  problems  may  be  relatively  more  severe  for  any 
elastomeric  binder  system,  whether  energetic  or  non-energetic,  and  is  one  of  the  main  reasons 
for  the  need  for  better  (in  this  case,  less  mobile)  plasticisers.  On  the  basis  of  Table  4,  it 
appears  that  BDNPA/F  is  the  best  material  with  regard  to  plasticiser  migration,  and  this  has 
been  noticed  already  from  practical  weight  loss  tests  on  model  formulations.  However,  it  has 
other  drawbacks.  It  is  not  very  good  at  lowering  the  Tg,  and  another  problem  is  indicated  as 
follows. 

We  initially  carried  out  diffusion  measurements  at  higher  temperatures,  to  obtain  results 
rapidly.  The  experimental  set  up  is  such  that  we  are  effeetively  measuring  the  rate  of 
diffusion  of  plasticiser  out  of  the  sample.  The  results  are  plotted  as  Arrhenius  plots  i.e.  the 
log  of  the  rate  constant  v  1/T.  Most  of  the  samples  show  reasonable  Arrhenius  plots,  with 
activation  energies  similar  to  those  obtained  at  lower  temperatures.  However,  the  BDNPA/F 
results  are  anomalous.  The  highest  temperature  measurements  could  not  be  analysed  by  the 
expeeted  equations.  For  the  two  lower  points,  the  activation  energy  of  ~  196  KJ  Mole'*  is 
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much  too  high  for  a  diffusion  process.  In  fact,  it  is  typical  of  a  value  for  chemical 
decomposition  of  an  energetic  material,  and  it  is  clear  that  this  is  dominating  the  sample 
weight  loss  at  high  temperatures.  We  are  in  the  process  of  investigating  this  effect  further, 
but  at  present  we  believe  that  it  is  decomposition  of  the  acetal  component  which  is  the 
problem. 

4.  Stability  Considerations 

This  question  of  the  stability  of  the  materials  is  one  of  the  major  areas  of  study  within  DERA. 
There  are  several  aspects  to  this;  for  example,  the  stability  of  plasticiser  alone,  the 
compatibility  of  the  plasticiser  with  other  components  of  the  energetic  composition,  and  the 
effect  of  plasticiser  on  binder  stability  e.g.  binder  cross-link  density  &  mechanical  properties 
and  gas  production. 

BDNPA/F  is  an  example  of  the  first  type  of  behaviour.  However,  a  lot  of  binders  show  the 
second  type  of  behaviour,  particularly  when  real  formulations  with  a  number  of  potentially 
reactive  additives,  added  for  various  performance  reasons,  are  considered. 

For  polyNIMMO  binders,  for  example,  the  critical  ageing  mechanisms  is  oxidative  chain 
scission  of  the  binder,  which  causes  a  softening  (figure  5).  This  is  often  accelerated  by 
plasticisers,  as  shown  in  figure  5  for  the  changes  in  crosslink  density  of  polyNIMMO  binders 
plasticised  with  MEN42.  It  is  seen  that  the  softening,  which  also  accelerates  migration 
problems  etc.,  is  much  more  severe  for  the  MEN42  binder,  leading  to  a  significant  reduction 
in  expected  service  lifetime.  These  types  of  behaviour  is  not  confined  to  polyNIMMO.  For 
example,  it  has  been  shown  that  propellants  based  on  GAP,  which  is  an  azide-based 
energetic  polymer,  may  suffer  from  high  rates  of  gassing  [5].  Some  minimum  smoke  rocket 
propellants,  based  on  GAP  plasticised  with  nitrate  ester  stabilisers,  have  been  shown  to 
exhibit  high  rates  of  gas  evolution  at  elevated  temperatures  [5]. 

5.  Future  Plasticisers 

Our  results  so  far  indicate  that  there  are  problems  with  all  the  plasticisers  which  we  have 
studied.  Of  particular  concern  are  the  migration  and  stability  considerations,  which  cause 
doubts  about  the  use  of  the  lower  molecular  weight  materials.  One  approach  being  pursued 
at  DERA  to  address  this  problem  is  the  use  of  oligomeric  plasticisers  e.g.  NIMMO  oligomers, 
and  GLYN  oligomers,  to  plasticise  the  energetic  binders  [6].  The  development  of  oligomeric 
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plasticisers  has  a  number  of  attractions.  Oligomeric  NIMMO  is  expected  to  show  good 
physical  and  chemical  compatibility  with  polyNIMMO,  and  can  be  prepared  by  a 
modification  of  the  same  process.  Work  has  already  been  carried  out  on  this  material,  and  the 
preliminary  indications  are  promising.  In  the  case  of  NIMMO,  either  the  cyclic  tetramer,  or 
linear  oligomers  may  he  prepared.  The  linear  materials  appear  more  promising  at  present.  It 
is  possible  to  prepare  linear  materials,  based  on  a  difimctional  initiators,  or  branched 
materials  with  tri-  or  tetra-functional  initiators.  Initially,  hydroxyl  terminated  oligomers  are 
produced,  and  these  are  then  nitrated.  We  are  at  present  in  the  process  of  optimising  the 
ehain  lengths  and  structures  to  obtain  the  best  compromise  between  properties  such  as 
plasticisation  efficiency,  low  migration  and  energy.  Finally,  it  is  clear  that  there  are 
difficulties  with  all  separate  plasticisers,  and  a  very  attractive  solution  would  be  to  achieve 
internal  plasticisation.  This  would  involve  modification  of  the  polymer  structure  to  improve 
the  properties  without  the  use  of  a  separate  plasticiser. 

6.  Conclusions 

We  may  draw  a  number  of  conclusion  fi'om  our  work  so  far. 

1 .  It  is  necessary  to  consider  a  range  of  properties  when  assessing  plasticisers 

2.  Plasticiser  behaviour  can  be  rationalised  in  terms  of  simple  theories 

3.  We  need  to  develop  these  further,  and  extend  them  to  other  plasticisers 

4.  No  plasticiser  is  ideal 

5.  There  is  a  need  for  new  plasticisers 
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FIGURE  1  Tgs  of  POLYMER/PLASTICISER  SYSTEMS 


FIGURE  2  Tgs  for  PolyNIMMO/KlO  SYSTEM 
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FIGURE  3  Tgs  for  PolyNIMMO/MEN42  SYSTEM 


Wt  FRACTION  OF  PLASTICISER 


FIGURE  4  Tg  of  PolyNIMMO/DOS  SYSTEMS 
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FIGURE  5  DRY  AGEING  AT  TOC  OF  POLYNIMMO 
AND  POLYNIMMO  /  MEN42  BINDERS 
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Evaluation  of  a  Homologous  Series  of 
High  Energy  Oxetane  Thermoplastic  Elastomer  Gun  Propellants* 

I.A.  Wallace,  P.C.  Braithwaite,  A.C.  Haaland,  M.R.  Rose,  R.  B.  Wardle 
Thiokol  Propulsion 
Brigham  City,  Utah  84302 


INTRODUCTION 

Current  state-of-the-art  gun  propellants  produce  energies  slightly  above  1100  J/g  and 
loading  densities  of  roughly  1.1  g/ml.  In  a  standard  grain  configuration,  this  energy- 
density  combination  does  not  deliver  the  desired  muzzle  energy  for  future  indirect  fire 
support  requirements.  Similar  shortfalls  occur  in  using  today’s  propellant  In  tomorrow’s 
direct  fire  gun  systems.  Higher  loading  densities  of  hazardous  ingredients  (HMX,  RDX) 
and  unique  grain  geometries  provide  energy  growth  but  only  with  great  difficulty  are  the 
required  muzzle  energy  levels  achieved. 

An  alternate  strategy  for  meeting  the  need  for  increased  performance  in  impetus, 
ballistics,  and  density  in  advanced  gun  propellants  is  the  use  of  high  energy/density 
ingredients.  As  with  the  vast  majority  of  emerging  technologies,  these  materials  have 
required  considerable  research  and  development  prior  to  being  mature  enough  for  use 
in  a  developmental  gun  propellant  system.  This  fundamental  groundwork  has  been  laid 
by  extensive  research  under  the  auspices  of  the  Office  of  Naval  Research  into  the 
synthesis,  characterization  and  exploratory  formulation  of  novel  high  energy  materials. 

SUMMARY 

Six  TPE-based  gun  propellants  were  evaluated.  The  TPE’s  used  included  BAMO- 
AMMO  (25%  BAMO),  BAMO-NMMO  (25%  BAMO),  and  BEMO-NMMO  (25%  BEMO). 
The  monopropellants/oxidizers  used  included  CL-20,  RDX,  TNAZ  and  NQ.  The 
Ingredients  were  vertically  mixed  and  ram  extruded  into  Vz-in  diameter  cords.  These 
were  subsequently  rolled  into  sheets  from  which  1-in  by  1-in  by  0.10-in  “squares”  were 
stamped.  Closed  bomb  testing  was  done  on  the  samples  which  had  burn  rates  ranging 
from  eight  to  nearly  eleven  inches  per  second  (40ksi,  21°C)  and  impetus  (calculated) 
between  1278  and  1349  J/g. 

DISCUSSION 

Theoretical  Trade  Study 

A  fairly  large  number  of  TPE’s,  mono-propellants  and  additives  were  available  for  use 
as  gun  propellant  ingredients  when  this  work  began.  Some  prior  knowledge  of  their 
effect  on  performance  and  ballistic  properties  in  propellant  formulations  was  available. 
For  example,  in  propellants  using  BAMO-AMMO  TPE,  it  was  known  that  the  use  of  CL- 
20  resulted  in  much  higher  burn  rates  and  energy-densities  than  RDX  did. 

Theoretical  calculations  also  indicated  that  energy-density  increased  with  increasing 
BAMO/AMMO  ratios.  Six  formulations  were  pursued.  These  formulations  are  shown  in 
Tables  I  through  VI  along  with  calculated  performance  values  and  closed  bomb  data. 


Copyright  1998  Cordant  technolgies.  All  rights  reserved. 
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The  NBLAKE  thermodynamics  code  was  used  to  perform  the  calculations.  Impetus  and 
closed  bomb  burn  rate  of  most  of  these  formulations  are  plotted  in  Figure  1 .  In  general, 
the  CL-20  formulations  result  in  the  highest  impetus  (and  burn  rates).  A  notable 
exception,  however,  is  formulation  ONR  #5,  a  BAMO-NMMO/RDX/TNAZ  formulation. 
Here  the  use  of  NMMO  instead  of  AMMO  and  the  use  of  24  percent  TNAZ  instead  of 
RDX  add  about  100  J/g  to  the  irhpetus  of  a  76  percent  solids  BAMO-AMMO/RDX 
formulation  (not  plotted).  BEMO  is  the  least  energetic  of  the  three  TPE’s  used  for  the 
ONR  propellants  and  the  performance  of  the  BEMO-containing  formulations  reflect  this. 


Table  I.  Forrnillation  ONR  #1,  Calculated  and  Measured  Properties. 


Ingredients  |  Wt.  Percent 


BAMO  6.00 


AMMO  18.00 


NMMO 


BEMO 


CL20  (3.8|i,  bimodal) 


RDX  (7^) 


NO  (50n,  needles) 


TNAZ  (11  n)  _ 


Calculated  Performance 


Impetus  (J/g)  1291 


Temperature  (K)  13378 


TMD(g/cc)  1.78 


Gamma  I  1 .267 


8588 


Other 


Density  (g/cc)  I  1 .733 


Hazards  Characteristics 


ABL  Impact  (cm,  TIL) 


ABL  Friction  (psi,  TIL) 


TC  ESD  (J)  >8 


SBAT  (Onset,  °F)  304 


Mechanical  Properties 


Not  measured 


1  Ballistic  Properties  { 

Pressure  (ksi) 

Rb(ips)  ! 

-32°C 

22°C 

48“C 

30 

6.13 

6.54 

6.81 

40 

8.24 

8.74 

9.07 

50 

10.07 

10.71 

11.09 

n 

0.98 

0.97 

0.96 

Tabie  II.  Formulation  ONR  #2,  Calculated  and  Measured  Properties. 


Ingredients  Wt.  Percent 


BAMO  6.00 


AMMO 


NMMO 


BEMO 


CL20  (3.8n,  bimodal) 


RDX  (7p) 


NO  (50p,  needles) 


TNAZ  (lip) 


Calculated  Performance 


1280 


Temperature  (K)  I  3476 


TMD(g/cc)  1.75 


Gamma  1.254 


Energy-Density  (J/cc)  |  8793 _ 


Other 


Density  (g/cc)  I  1.732 


■l.'.I.I.IilL-HI/. 


Hazards  Characteristics 


IM:IMi:.l.irMlf.l.'.>jHI 


ABL  Friction  (psi,  TIL) 


TC  ESD  (J)  >8 


SBAT  (Onset,  “F)  290 


Mechanical  Properties 


Not  measured 


Ballistic  Properties 


Pressure  (ksi) 


Rb  (ips) 


22‘’C 


7.14 


9.66 


11.71 


0.97 
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Table  III.  Formulation  ONR  #3,  Calculated  and  Measured  Properties. 


Wt.  Percent 


6.00 


18.00 


BAMO 


AMMO 


NMMO 


BEMO 


CL20  (3.8p,  bimodal) 


RDX  (7p) 


NQ  (50n,  needles) 


TNAZ(llp) 


Calculated  Performance 


1278 


Temperature  (K)  3306 


TMD(g/cc)  1.74 


Gamma  1 .267 


8322 


Other 


Density  (g/cc)  |  1.698 


Hazards  Characteristics 


ABL  Impact  (cm,  TIL)  33 


ABL  Friction  (psi,  TIL)  800@8ft/s 


TC  ESD  (J)  >8 


SBAT  (Onset,  »F)  304 


Mechanical  Properties 


Not  measured 


Bailistic  Properties 


Pressure  (ksi) 


Rb  (ips) 


23‘'C 


7.57 


10.01 


11.99 


0.90 


Tabie  iV.  Formulation  ONR  #4,  Caiculated  and  Measured  Properties. 


Wt.  Percent 


BAMO 


AMMO 


NMMO 


BEMO 


CL20  (3.8p,  bimodal) 


RDX  (7n) 


NQ  (50|i,  needles) 


TNAZ(llp) 


Calcuiated  Performance 


Impetus  (J/g)  1349 


Temperature  (K)  3794 


TMD(g/cc)  1.78 


Gamma  I  1 .249 


9633 


Other 


Density  (g/cc)  |  1 .777 


■atar.'Mi/j.L-ii.wf/aai 


Hazards  Characteristics 


cm,  TIL) 


TCESD  (J) 


SBAT  (Onset,  “F) 


Mechanical  Properties 


Not  measured 


Ballistic  Properties 


Pressure  (ksi) 
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Hazards  Characteristics  j 

ABL  Impact  (cm,  TIL) 

26 

ABL  Friction  (psi,  TIL) 

800@8ft/s 

TC  ESD  (J) 

>8 

SBAT  (Onset,  “F) 

264 

Mechanical  Properties  1 

Not  measured 


Table  V.  Formulation  ONR  #5,  Calculated  and  Measured  Properties. 


Ingredients  |  Wt.  Percent 


BAMO 


AMMO 


NMMO 


BEMO 


CL20  {3.8n,  bimodal) 


RDX  (7|i) 


NQ  (50n,  needles) 


TNAZ(11n) 


Calculated  Performance 


Impetus  (J/g)  _ |  1283 _ 


Temperature  (K)  3327 


TMD(g/cc)  1.626 


Gamma  1 .254 


Energy-Density  (J/cc)  8205 


Other 


Density  (g/cc) _ I  1.646 


Ballistic  Properties 


Pressure  (ksi) 


Table  VI.  Formulation  ONR  #6,  Calculated  and  Measured  Properties. 


Wt.  Percent 


BAMO 


AMMO 


NMMO 


BEMO 


CL20  (3.8p,  bimodal) 


RDX  (7(1) 


NQ  (50(1,  needles) 


TNAZ(lln) 


Calculated  Performance 


Impetus  (J/g)  1290 _ 


Temperature  (K)  3489 


TMD(g/cc)  1.76 


Gamma  1 .254 


Energy-Density  (J/cc)  8926 


Other 


Density  (g/cc) |  1.732 


Hazards  Characteristics 


ABL  Impact  (cm,  TIL) 


ABL  Friction  (psi,  TIL) 


TC  ESD  (J)  >8 


SBAT  (Onset,  »F)  269 


Mechanical  Properties 


Not  measured 


Ballistic  Properties 


Pressure  (ksi) 


Rb  (ips) 


24'’C 


5.99 


8.26 


10.32 


1.07 


Table  VII.  Ingredients  and  Thermochemical  Data  for  ONR  ETC  Gun  Propellants. 

Ingredient 

AH,  (kcal/mol) 

Formula 

Density 

BAMO 

53.3 

C  3.033,  H  4.790,  0  0,498,  N  3.635 

1.26 

AMMO 

4.32 

C  3.967,  H  7,180,  0  0.723,  N  2.400 

1.26 

NMMO 

-79.67 

C5,  H9,  N,  1,  0,4 

1.26 
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BEMO 

-164 

1  1  1  III  ■  1  1^^^— 

1.10 

CL-20 

101 

C6,  H6,  012,  N12 

2.04 

RDX 

15.9 

C  3,  H  6,  O  6,  N  6 

1.82 

NQ 

-22.1 

C1,H4,02,  N4 

1.73 

TNAZ 

2.8 

C3,  H4,  06.  N4 

1.84 
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Figure  1 .  Impetus  (calculated)  and  closed  bomb  bum  rate  (40  ksi,  21  °C)  of  the  propellants  of  this  study  and  of  a 
72%  solids  RDX  BAMO-AMMO  propellant  for  comparison  (impetus  1121  J/g,  burn  rate  5.  36  ips). 

Propellant  Processing 

Each  formulation  manufactured  for  this  program  was  processed  using  a  three  step 
process:  1)  batch  mixing,  2)  ram  extrusion,  and  3)  roller  milling  to  final  configuration. 
The  overall  goal  of  all  propellant  processing  operations  was  to  produce  the  most 
uniformly  high  density  and  homogeneous  gun  propellant  possible.  This  processing 
method  has  been  successfully  used  to  produce  the  small  quantities  of  propellant 
needed  for  analytical  testing  and  closed  bomb  testing.  A  brief  description  of  each 
processing  step  is  found  below. 

All  propellant  mixes  produced  in  this  program  were  processed  in  a  1-pint  vertical  mixer. 
The  basic  mix  cycle  used  consisted  of  three  steps: 

1)  Add  polymer  and  solvent  to  the  mix  bowl  and  mix  until  the  polymer  is 
dissolved. 

2)  Add  the  solid  ingredients  and  mix  until  uniform. 

3)  Slowly  heat  the  mixer  and  mix  until  all  of  the  solvent  has  been  removed 
and  the  mix  is  of  the  proper  consistency. 
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The  goal  of  the  batch  mixing  step  was  to  thoroughly  wet  all  of  the  solid  particles  with  the 
TPE  binder  and  to  provide  a  consistent  and  homogeneous  feedstock  for  ram  extrusion. 
Fine  adjustments  (temperature,  mix  times,  etc.)  were  made  with  each  composition  to 
compensate  for  differences  in  the  processibility.  As  expected,  formulations  which  had 
higher  solids  were  more  viscous  than  those  with  lower  solids  contents. 

Once  propellant  was  mixed  it  was  immediately  taken  to  a  2-inch  ram  extruder  and 
extruded  through  a  14-inch  diameter  circular  die.  By  controlling  the  extrusion  rate, 
pressure  and  temperature  it  was  possible  to  obtain  extruded  propellant  with  a  smooth 
surface.  It  was  found  that  the  surface  finish  was  an  excellent  indicator  of  final 
propellant  quality.  Therefore  every  effort  was  made  to  obtain  the  smoothest  propellant 
surface  possible.  Formulation  quality  was  verified  by  measurement  of  density  and 
comparison  to  the  theoretical  value. 

Following  extrusion  the  final  step  in  the  process  was  roller  milling.  In  this  process  the 
extruded  cord  was  taken  and  cut  into  appropriate  lengths  and  processed  through  a 
laboratory  scale  roller  mill.  Typically  a  piece  of  propellant  would  be  processed  several 
times  through  the  mill  in  order  to  get  it  to  the  desired  thickness  and  width  (0.100-inch 
thick  and  a  minimum  of  1.1  inches  in  width).  Once  the  propellant  had  been  rolled  to  the 
desired  dimensions  it  was  cut  into  1-inch  squares  which  were  0.100-inches  thick.  All 
formulations  were  readily  rolled  and  cut  into  squares. 


Closed  Bomb  Testing 

Gun  propellant  samples  consisted  1-in  by  1-in  squares  stamped  from  0.100-in  thick 
sheets.  Several  squares  were  loaded  into  a  Harwood  closed  bomb.  The  bomb  used  Is 
rated  at  129  ksi  and  has  an  operating  pressure  of  100  ksi.  The  bomb  was  not  equipped 
with  a  cooling  jacket.  Prior  to  ignition,  the  samples  were  conditioned  for  4  hours.  The 
ignitor  used  was  a  bag  type  ignitor  with  one  gram  of  DuPont  FFFG  black  powder 
secured  to  an  electric  match  (Davey  Corp.)  with  paper. 

It  was  desired  to  obtain  burn  rate  data  in  duplicate  at  three  different  temperatures  for 
each  of  the  six  formulations  chosen,  and  this  was  done.  A  sample  of  the  data  are 
presented  in  the  propellant  data  sheets.  Tables  I  through  VI.  The  McVece 
thermochemical  code  along  with  the  data  of  Table  VII  was  used  to  provide  the  input 
required  for  the  closed  bomb  data  reduction. 

Conclusions 


A  homologous  series  of  oxetane-based  gun  propellants  were  prepared  using  a 
combination  of  mixing,  extrusion  and  rolling  to  prepare  reproducibly  high  quality 
samples.  The  series  examined  the  effect  of  filler  and  characteristics  of  the  binders  on 
the  ballistic  properties.  The  high  energy  and  flame  temperature  of  the  formulations  led 
to  generally  high  burn  rates  although  a  26  percent  range  in  burn  rate  was  demonstrated 
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over  a  5.6  percent  range  of  impetus.  This  suggests  these  formulation  changes  can 
offer  the  ability  to  tailor  ballistics  at  a  constant  performance  and  to  manage  the  energy 
of  a  given  charge  to  maximize  ballistic  performance. 
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THE  MODELLING  OF  EXPERIMENTAL  BUNENA/RDX/NC 
PROPELLANT  PROPERTIES 


Charles  Frank  Wiehahn,  Martin  AylifF  Jeremy  Gantana  and  Jeffrey  Charles  Engel 

Somchem,  Division  of  DENEL,  (Pty),  Ltd,  Gun  Propulsion  -  R  &  D, 

PO  Box  187,  Somerset  West,  7129,  South  Africa 

Abstract 


In  order  to  develop  new  generation  propellants  with  improved  properties  various 
energetic*  components,  and  formulations  thereof,  were  considered.  One  of  the  most 
promising  components  was  BuNENA  and  it  was  decided  to  investigate  a  series  of 
propellant  formulations  with  BuNENA  as  energetic  plasticiser,  nitrocellulose  as  binder 
and  RDX  as  oxidiser.  Certain  constraints  were  placed  on  the  thermochemical,  density 
and  processing  properties  and  this  was  used  as  a  guideline  in  the  experimental  design. 

This  paper  describes  the  experimental  design  matrix  used  to  study  various  propellant 
properties  (responses)  as  a  function  of  propellant  composition.  These  propellant 
properties  were  measured  and  evaluated  and  then  used  to  generate  response  surfaces  or 
contour  maps  that  display  the  effect  of  the  changing  component  levels  of  the 
formulation  on  the  various  propellant  properties.  The  information  so  gained  was  of 
great  importance  in  generating  a  comprehensive  computer  model  to  predict  the  various 
response  trends  as  a  function  of  the  changing  component  levels  of  the 
BuNENA/RDX/NC  propellant  formulations. 


1  INTRODUCTION 

As  part  of  the  ongoing  process  to  develop  propellant  formulations  with  improved  properties, 
various  energetic  components  and  propellant  formulations  thereof,  were  investigated. 
BuNENA  [N-n-butyl-N-(2-nitroxy-ethyl)  nitramine]  has  been  identified  as  one  of  the  most 
promising  components  and  it  was  decided  to  investigate  a  series  of  propellant  formulations 
with  BuNENA  as  energetic  plasticiser,  nitrocellulose  as  binder  and  RDX  as  oxidiser. 

BuNENA  has  previously  been  synthesised  and  characterised  with  regards  to  its  chemical, 
thermal  and  sensitivity  properties.  We  needed  to  evaluate  it  as  an  energetic  plasticiser  in  NC 
containing  propellant  formulations  and  an  effective  way  of  evaluation  is  the  modelling  of  the 
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propellant  properties  as  a  function  of  BuNENA  and  its  other  components.  Various  families  of 
propellant  formulations  containing  BuNENA  as  energetic  plasticiser  and  NC  as  binder  were 
investigated  for  possible  use  in  the  modelling  process.  However,  after  applying  the  design 
criteria  for  new  generation  propellants  only  the  propellant  family  containing  NC,  BuNENA, 
RDX  and  NQ  remained  as  a  viable  option  for  the  modelling  of  propellant  properties. 

In  our  experimentation  a  variation  of  the  extreme  vertices  mixture  design  was  used  to  study  the 
propellant  properties  as  a  function  of  composition.  A  design  matrix  consisting  of  four 
components  or  variables  was  generated  and  consisted  of  1 7  formulations.  These  formulations 
were  processed  and  the  initial  model  was  constructed  after  analysing  the  propellant  properties 
to  determine  the  various  responses.  These  responses  were  then  used  to  generate  response 
surfaces  or  contour  maps  that  display  the  effect  of  the  changing  component  level  of  the 
formulation  on  the  propellant  properties. 

The  response  surface  contours,  which  are  generated  for  each  property,  are  useful  in  predicting 
the  effect  of  changing  component  levels  on  the  various  propellant  properties.  These  optimisa¬ 
tion  plots  offer  the  flexibility  of  making  meaningful  trade-offs  between  various  propellant 
properties  when  confronted  with  the  need  to  prioritise  propellant  properties  according  to  user 
requirements.  These  models  and  all  the  response  surfaces  or  contour  maps  generated,  are 
discussed  in  detail. 

1.1  CRITERIA  FOR  NEW  GENERATION  PROPELLANT  PROPERTIES 

The  propellant  properties  that  have  been  set  as  a  guideline  for  the  development  of  new 
generation  propellant  formulations  are  the  following: 


Thermochemical  properties: 

♦  Specific  energy 

>  1050  J/g 

♦  Flame  temperature 

<  2700  K 

♦  Molecular  mass  of  combustion  gasses 

<  20  g/mole 

Theoretical  density 

>  1 .50  g/cm’ 

1.2  PROCESSING  PARAMETERS 

In  experimenting  with  mixtures  it  is  often  also  necessary  to  constrain  the  components  to  avoid 
compositions  which  would  be  undesirable  in  terms  of  economic  reasons,  processability  and/or 
mixture  properties.  Irrespective  of  the  guidelines  for  all  the  other  propellant  properties,  one  of 
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the  most  critical  parameters  is  that  the  propellant  formulations  must  be  processable.  During  this 
experiment  we  only  concentrated  on  propellant  formulations  that  are  processable  with  the 
solvent  process.  The  following  processing  parameters  are  used  as  a  guideline  for  the  solvent 
process  with  NC  as  the  binder.  They  are  basically  as  follows: 

-  Effect  of  binder  :  plasticiser  ratio  on  propellant  processing: 


♦  binder :  plasticiser 

>2 

processing  not  possible 

♦  binder :  plasticiser 

1-  1.5 

good  processing 

♦  binder :  plasticiser 

<1 

too  soft,  poor  processing 

Crystalline  concentration 

10%  -  60% 

1.3  THERMOCHEMICAL  DESIGN  CONSTRAINTS 

The  above  mentioned  design  constraints  for  new  generation  propellants  were  applied  to  various 
propellant  formulations  containing  BuNENA  as  plasticiser  and  NC  as  binder.  In  order  to  be 
able  to  model  the  propellant  properties  as  a  function  of  the  propellant  composition,  we  strived 
to  keep  the  composition  or  formulations  as  simple  as  possible.  We  attempted  to  model  the 
effects  of  BuNENA  and  the  BuNENA/NC  ratio’s  on  the  propellant  properties  and  only  RDX  as 
a  third  formulation  variable  was  initially  investigated.  The  thermochemical  data  that  we 
initially  had  for  BuNENA  was  considerably  higher  than  the  thermochemical  data  according  to 
the  latest  ICT  Database  (third  update,  1997).  The  formulations  containing  only  BuNENA/NC/- 
RDX  gave  flame  temperature  values  that  were  all  above  our  guideline  criteria.  For  this  reason 
we  introduced  NQ  as  a  fourth  formulation  variable  to  cool  the  formulations. 

2  EXPERIMENTAL  DESIGN 

Propellant  formulations  that  complied  with  the  thermochemical  and  density  criteria  and  that 
fell  within  the  feasible  processing  range  formed  the  framework  for  the  construction  of  the 
experimental  design  matrix.  A  variation  of  the  extreme  vertices  mixture  design  was  used  to 
construct  models  which  were  then  used  to  generate  response  surfaces  or  contour  maps  that 
display  the  effect  of  the  changing  component  levels  of  the  formulation  on  the  propellant 
properties.  This  type  of  design  matrix  minimises  the  number  of  formulations  required  for 
experimental  processing  and  at  the  same  time  maximises  the  information  obtained  from  the 
experiment. 
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The  Design  Expert  Software  Package  was  used  to  generate  the  design  matrix  and  the  various 
contour  maps  (models).  The  design  matrix  consisted  of  17  formulations  for  the  four  component 
system  under  the  constraints  as  given  in  Table  1 . 


Table  1:  Constraint  Levels  For  Each  Of  The  Four  Components 


Component 

Lower  Level 

Upper  Level 

NC  (11.7%N) 

25% 

40% 

BuNENA 

20% 

30% 

NQ 

15% 

35% 

RDX 

10% 

25% 

The  stabiliser  concentration  was  kept  constant  for  all  the  formulations. 


3  TESTING  AND  EVALUATION 

The  17  experimental  NC/BuNENA/NQ/RDX  propellant  formulations  were  all  successfully 
processed  using  the  solvent  process.  The  samples  were  evaluated  for  a  wide  range  of  chemical, 
stability,  sensitivity,  physical,  mechanical  and  ballistic  properties.  The  test  and  evaluation 
results  are  not  presented  in  this  paper  and  only  the  modelling  of  the  results  will  be  presented. 

4  MATHEMATICAL  MODELLING  OF  RESPONSE  DATA 

The  objectives  of  the  modelling  of  propellant  properties  are  to: 

-  determine  practical  processing  limits 

-  design  formulations  that  comply  with  thermochemical  constraints 

-  predict  specific  propellant  properties 

-  manipulate  propellant  formulations  to  meet  specific  requirements 

Computer-aided  experimental  design,  multiple  regression  analysis  and  response  surface 
methodology  was  used  to  study  the  influence  of  the  independent  variables  (components)  on  the 
propellant  properties  (responses).  From  this  analysis,  empirical  regression  models  for  the 
properties  of  the  propellant  within  the  given  experimental  domain,  were  derived. 
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The  design  model  consists  of  4  variables  namely  the  BuNENA,  NC,  RDX  and  NQ  concen¬ 
trations  and  each  response  is  modelled  as  a  function  of  these  4  variables.  Only  3  of  the  4 
variables  can  be  graphically  depicted  in  a  2-dimensional  presentation  and  therefore  for  each 
presentation  one  of  the  variables  is  kept  at  a  constant  value  while  the  other  3  are  varied  between 
the  upper  and  lower  design  concentration  levels.  A  different  value  for  the  constant  variable  is 
then  used  and  the  modelling  process  repeated  at  that  level. 

The  larger  number  of  responses  measured  and  the  corresponding  models  generated,  cannot  all 
be  reported  in  this  paper  and  only  the  following  responses  or  properties  were  included. 

-  stress 

-  strain 
impact  strength 

Tg  value  (glass  transition  temperature) 

-  percentage  die  swell  or  shrinkage 

-  relative  quickness 
burning  rate  at  350  MPa 

Many  of  the  other  properties  such  as  the  specific  energy,  flame  temperature  and  density  can  be 
calculated  empirically  from  the  formulation  and  modelling  is  therefore  not  necessary  to  predict 
these  properties  as  a  function  of  the  component  formulation.  However,  in  order  to  predict  the 
specific  energy,  flame  temperature  and  density  trends  as  a  function  of  changing  component 
level  these  properties  can  be  modelled. 

4.1  MODELLING  OF  MECHANICAL  PROPERTIES 
Stress  Properties 

The  stress  value  of  a  propellant  formulation  is  a  direct  indication  of  the  mechanical  strength  of 
the  propellant  sample.  The  modelling  of  the  stress  values  was  done  at  a  constant  NQ 
concentration  of  20%  and  repeated  at  a  NQ  concentration  of  30%.  The  NC,  RDX  and  BuNENA 
concentrations  were  varied  between  the  upper  and  lower  constraint  levels.  The  graphical 
presentations  of  the  models  generated  are  presented  in  Figure  1 . 

The  trends  of  the  graphic  models  are  as  follows: 

-  both  the  NQ  and  RDX  concentrations  and  the  total  crystalline  concentration  have 
negligible  influence  on  the  stress  values 
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the  highest  stress  values  occur  at  the  highest  NC  values  and  when  the  BuNENA 
concentration  is  at  its  lowest  level 

BuNENA  has  the  largest  influence  on  the  stress  values,  but  in  a  negative  sense  in  so  far 
as  the  lowest  stress  occurs  at  the  highest  BuNENA  concentration  and  the  corresponding 
lowest  NC  concentration 

there  is  basically  no  change  in  the  range  and  the  trend  of  the  stress  values  for  a  NQ 
concentration  of  20%  or  30% 

the  relations  of  stress  versus  component  concentrations  are  all  linear 


Figure  1;  Modelling  of  Stress  Values  at  Two  NO  Concentration  Levels 

The  stress  value  of  any  formulation  that  lies  within  the  boundaries  of  the  experimental  design 
matrix  can  be  predicted  from  the  stress  value  model.  The  exact  propellant  formulation  and  its 
corresponding  stress  value  can  be  “read”  from  the  graphs  at  the  two  BuNENA  concentration 
levels.  For  each  of  the  graphical  presentations  the  minimum  and  maximum  stress  values  for 
that  BuNENA  concentration  level  can  be  determined  from  the  graph. 

Modelling  of  Strain  Properties 

The  strain  property  of  a  propellant  formulation  is  an  indication  of  the  elongation  or  elasticity  of 
the  propellant  sample.  The  modelling  of  the  strain  properties  was  done  at  a  constant  NQ 
concentration  of  20%  and  the  NC,  RDX  and  BuNENA  concentrations  were  varied  between  the 
upper  and  lower  constraint  levels.  This  process  was  repeated  at  a  constant  NQ  concentration  of 
30%.  The  graphical  presentations  of  the  models  generated  are  presented  in  Figure  2. 
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A  (48.01  A  (38.0) 


NQ  =  20.0% 


NQ  =  30.0% 


Figure  2:  Modelling  of  Strain  Values  at  Two  NO  Concentration  Levels 

The  trends  of  the  modelling  of  the  strain  properties  are  as  follows; 

the  BuNENA  concentration  has  by  far  the  largest  influence  on  the  strain  properties  and 
the  strain  value  increases  linearly  as  the  BuNENA  increases 

-  both  the  NQ  and  RDX  concentrations  have  a  minor  influence  on  the  strain  values  and  the 
strain  values  decrease  gradually  as  the  NQ  or  RDX  increase  respectively 

-  the  strain  values  increase  gradually  as  the  NC  value  increases 

-  the  strain  value  stays  constant  for  a  specific  BuNENA  contour  line  as  the  NQ  increases 
and  the  NC  proportionally  decreases 

-  for  a  specific  BuNENA  contour  line  the  influence  of  an  increase  in  the  crystalline 
concentration  is  exactly  countered  by  the  proportionally  decrease  of  the  NC 

-  the  relations  of  strain  versus  component  concentrations  are  all  linear 
Modelling  of  Impact  Properties 

The  impact  property  of  a  propellant  formulation  is  an  indication  of  the  hardness  of  the 
propellant  sample.  The  modelling  of  the  impact  properties  was  done  at  a  constant  RDX 
concentration  of  14%  and  the  NC,  NQ  and  BuNENA  concentrations  were  varied  between  the 
upper  and  lower  constraint  levels.  This  process  was  repeated  at  a  constant  RDX  concentration 
of  24%.  The  graphical  presentations  of  the  models  generated  are  presented  in  Figure  3. 
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Figure  3:  Modelling  of  Impact  Values  at  Two  RDX  Concentration  Levels 

The  basic  trends  are  as  follows: 

-  the  NC  concentration  has  no  apparent  influence  on  the  impact  values 

-  the  highest  impact  values  occur  at  the  highest  BuNENA  values  and  when  the  NQ 
concentration  is  at  its  lowest  level 

-  there  is  a  basic  shift  in  the  impact  values  from  the  14%  RDX  concentration  level  to  the 
24%  RDX  level  with  lower  impact  values  at  the  increased  RDX  level 

-  the  lowest  impact  levels  are  at  the  maximum  crystalline  level  of  53% 

the  relations  of  impact  values  versus  component  concentrations  are  all  linear 

In  general  the  BuNENA  concentration  has  the  greatest  influence  on  all  three  types  of 
mechanical  properties  measured. 

4.2  MODELLING  OF  GLASS  TRANSITION  TEMPERATURE 

The  primary  glass  transition  temperature  (Tg-1)  of  a  propellant  formulation  is  the  temperature 
above  which  the  propellant  becomes  soft  with  reduced  tensile  strength  and  the  secondary  glass 
transition  temperature  (Tg-2)  is  the  temperature  below  which  the  propellant  becomes  hard  and 
brittle  -  its  glass  point.  The  ideal  propellant  would  have  a  Tg-1  above  63°C  and  a  Tg-2  below  - 
40°C.  The  larger  the  Tg  range  the  better. 
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The  modelling  of  the  glass  transition  temperatures  was  done  at  a  constant  RDX  concentration 
of  14%  and  the  NC,  NQ  and  BuNENA  concentrations  were  varied  between  the  upper  and 
lower  levels.  This  process  was  repeated  at  a  constant  RDX  concentration  of  24%.  The  graphical 
presentations  of  the  models  generated  are  presented  in  Figure  4. 


RDX  =  14.0%  RDX  =  24.0% 

Figure  4:  Modelling  of  the  Glass  Transition  at  Two  RDX  Concentration  Levels 

The  trends  of  the  graphic  models  are  as  follows: 

-  both  the  NQ  and  RDX  concentrations  have  negligible  influence  on  the  Tg  values 

-  the  highest  Tg-1  values  occur  at  the  highest  NC  values  and  when  the  BuNENA 

concentration  is  at  its  lowest  level,  namely  when  the  NC  :  BuNENA  ratio  is  2  :  1 

-  the  lowest  Tg-1  values  occur  when  the  NC  :  BuNENA  ratio  is  1  :  1 

-  there  is  basically  no  change  in  the  Tg-1  values  for  a  RDX  concentration  of  14%  or  24% 

-  the  relations  of  Tg-1  values  versus  component  concentrations  are  all  linear 

4.3  MODELLING  OF  DIE  SWELL  AND  SHRINKAGE 

The  modelling  of  the  percentage  die  swell  or  shrinkage  was  done  at  a  constant  NQ 
concentration  of  20%  and  repeated  at  a  constant  NQ  concentration  of  34%  while  the  NC,  RDX 
and  BuNENA  concentrations  were  varied  between  the  upper  and  lower  constraint  levels.  The 
graphical  presentations  of  the  models  generated  are  presented  in  Figure  5. 
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Figure  5:  Modelling  of  Die  Swell  or  Shrinkage  at  Two  NO  Concentration  Levels 

The  trends  of  the  graphic  models  at  the  two  NQ  concentration  levels  are  as  follows: 

the  relations  of  swell  or  shrinkage  versus  component  concentrations  are  all  quadratic 

-  at  the  NQ  concentrations  of  20%  both  die  swell  and  shrinkage  occur,  but  at  the  NQ 
concentration  of  34%,  where  the  minimum  total  crystalline  concentration  is  44%,  only 
shrinkage  occurs 

-  at  the  NQ  concentration  of  34%  and  the  RDX  at  its  minimum  concentration  of  10%, 
therefore  total  crystallinity  at  44%,  no  die  swell  or  shrinkage  occurs  when  the  BuNENA 
concentration  is  at  its  minimum  level  of  20%,  and  the  NC  at  its  highest  level  of  34%,  but 
as  the  NC  decreases  and  the  BuNENA  increases  the  shrinkage  increases  quite  rapidly 

-  it  seems  that  the  percentage  total  crystallinity  plays  an  important  role,  but  that  at  a 
specific  crystallinity  level  the  NC  :  BuNENA  ration  has  the  biggest  effect  upon  the  die 
swell  or  shrinkage 

-  in  general  the  total  crystallinity  and  the  NC  :  BuNENA  ratio  play  the  biggest  role  in 
determining  the  die  swell  or  shrinkage 

-  die  swell  occurs  below  a  total  crystallinity  of  approximately  40%  and  shrinkage  occurs 
above  a  total  crystallinity  of  approximately  40% 

-  the  maximum  die  swell  occurs  at  the  highest  ratio  of  NC  :  BuNENA 

-  under  certain  conditions  at  a  total  crystallinity  of  approximately  40%  and  a  NC  : 
BuNENA  ratio  of  approximately  1.5  :  1  basically  no  die  swell  or  shrinkage  occurs 
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4.4  MODELLING  OF  RELATIVE  QUICKNESS 

The  modelling  of  the  relative  quickness  was  done  at  a  constant  NQ  concentration  of  20%  and 
repeated  at  a  constant  NQ  concentration  of  30%  with  the  NC,  RDX  and  BuNENA  concen¬ 
trations  varied  between  the  upper  and  lower  constraint  levels.  The  graphical  presentations  of 
the  models  generated  are  presented  in  Figure  6. 


Figure  6:  Modelling  of  Quickness  Values  at  Two  NO  Concentration  Levels 

The  trends  of  the  graphic  models  at  the  two  NQ  levels  are  as  follows: 

-  the  RDX  concentration  has  the  largest  influence  on  the  relative  quickness 

-  the  NC  has  a  small  negative  effect 

-  the  BuNENA  has  a  larger,  but  also  negative  effect,  than  the  NC 

-  the  highest  relative  quickness  values  are  at  the  highest  RDX  concentration  and  the  lowest 
NC  :  BuNENA  ratio 

-  there  is  basically  no  change  in  the  range  and  the  trend  of  the  relative  quickness  for  a  NQ 
concentration  of  20%  or  30% 

-  the  relations  of  stress  versus  component  concentrations  are  all  linear 


88  -  12 


4.5  MODELLING  OF  BURNING  RATE 

The  modelling  was  done  at  a  constant  BuNENA  concentration  of  20%  and  repeated  at  a 
constant  BuNENA  concentration  of  29%  with  the  NC,  NQ  and  RDX  concentrations  varied 
between  the  upper  and  lower  constraint  levels.  The  graphical  presentations  of  the  models 
generated  are  presented  in  Figure  7. 


Figure  7:  Modelling  of  Burning  Rate  Values  at  Two  BuNENA  Concentration  Levels 

The  trends  of  the  graphic  models  at  the  two  BuNENA  levels  are  as  follows: 

-  the  RDX  has  the  greatest  influence  on  the  burning  rate 

-  the  effect  of  the  NQ  is  minor 

-  there  is  a  definite  shift  in  the  burning  rate  from  a  constant  BuNENA  concentration  of 
20%  to  a  BuNENA  concentration  of  29%  with  the  general  burning  rate  being 
considerably  higher  at  a  20%  BuNENA  concentration 

-  the  relations  of  burning  rate  versus  component  concentrations  are  quadratic 

4.6  PREDICTION  OF  OPTIMUM  PROPELLANT  FORMULATION  ZONE 

The  model  of  a  specific  response  can  be  used  to  determine  the  optimum  propellant  formulation 
for  that  specific  response.  The  optimum  formulation  for  a  specific  response  can,  however,  be 
totally  the  opposite  to  the  optimum  formulation  for  a  different  type  of  response.  In  many  cases 
a  trade-off  or  compromise  must  be  made  between  various  responses  or  propellant  properties  in 
order  to  obtain  the  best  overall  formulation  for  a  specific  requirement.  The  models  of  the 
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various  responses  can  be  superimposed  upon  each  other  to  find  the  formulation  or  formulation 
zone  that  will  give  the  best  compromise  of  the  required  propellant  properties. 

The  following  is  an  example  of  superimposing  the  models  of  various  responses  upon  each 
other  to  find  the  optimum  formulation  range  that  complies  with  the  requirements  placed  on  the 
specific  propellant  formulation.  The  requirements  are  as  follows: 

-  stress  value  >  12  MPa 

-  impact  value  >  20  kN/m^ 

-  relative  quickness  >  3300 

-  Tg-1  <  45°C 

-  a  constant  RDX  concentration  of  20% 

The  models  of  the  4  specific  properties  at  a  constant  RDX  concentration  of  20%  are  superim¬ 
posed  over  each  other.  The  end  result  depicts  the  workable  zone  for  propellant  formulations 
that  comply  with  all  four  these  requirements  at  a  RDX  concentration  of  20%  and  is  graphically 
presented  in  Figure  8.  In  this  specific  case  there  is  a  central  workable  zone,  enclosed  by  the  Rl, 
R2,  R6  and  R7  boundary  lines,  which  complies  with  all  four  requirements.  So  often  there  will 
not  be  an  overlap  zone  that  complies  with  all  the  requirements  and  then  a  compromise  will 
have  to  be  found  based  on  the  priorities  attached  to  each  response  or  propellant  property. 


Vanables: 

A  =  NC 
B  =  NQ 
C  =  BuNENA 

RDX  =  20,0% 

Stress  (R1)>  12  MPa 

Impact  (R6)  >  20  kN/nf 

Quickness  (R7)  >  3300 

Tg-1  (R2)  <  45°C 


A  (43,0) 


Figure  8:  Modelling  of  Pronellant  Formulations  with  Restrictions  on  Stress.  Impact. 
Quickness  and  Tg-1  Temperature  Values  Imposed 
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5  SUMMARY  AND  CONCLUSIONS 

Various  properties  of  propellant  formulations  containing  NC  as  binder,  BuNENA  as  energetic 
plasticiser  and  RDX  and  NQ  as  oxidisers  were  evaluated  and  modelled  as  a  function  of  the 
formulation  component  variables.  The  experimental  design  matrix  consisted  of  four  component 
variables  at  two  levels  each  plus  a  centre  point  formulation  giving  a  total  of  17  formulations. 
These  experimental  propellant  formulations  were  processed,  evaluated  and  the  responses  were 
used  to  generate  response  surface  plots.  The  objectives  of  the  modelling  of  the  propellant 
properties  (refer  to  4)  were  all  met. 

A  summary  of  the  experimental  work,  analysis,  results  and  some  of  the  trends  are  listed  below: 

-  BuNENA  has  the  greatest  influence  on  the  mechanical  properties  of  the  propellant 
formulations.  As  the  BuNENA  concentration  increases,  the  stress  values  are  reduced,  but 
the  strain  values  or  elasticity  of  the  formulations  are  increased. 

-  NC  has  the  greatest  effect  on  the  glass  transition  temperature  and  the  NC  :  BuNENA  ratio 
also  plays  a  major  role. 

-  RDX  has  the  largest  influence  on  the  relative  quickness  and  on  the  burning  rates. 

-  NQ  has  very  little  effect  on  most  of  the  measured  propellant  properties. 

-  In  general  the  tendency  is  that  die  swell  occurs  below  approximately  40%  total 
crystallinity  and  shrinkage  occurs  above  40%  total  crystallinity. 

-  Die  swell/shrinkage  and  burning  rate  show  an  quadratic  relationship  versus  changing 
component  concentration  levels  whereas  all  the  other  properties  show  a  linear 
relationship. 

-  The  computer  models  of  the  various  propellant  properties  can  be  used  to  predict  and 
optimise  the  propellant  formulations  for  each  specific  property.  The  models  can  also  be 
used  to  predict  the  optimum  propellant  formulation  zone  when  various  propellant 
specifications  require  seemingly  very  different  optimum  propellant  formulations. 
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ABSTRACT 

ll  has  been  reporte^''^-*^  that  end-modification  of polyGLYN  pre-polymer,  by  ring  closure  of  the  secondary 
hydroxyl  group  followed  by  hydrolysis  to  form  a  primary/secondary  diol,  gives  rise  to  rubbers  of  very  good 
cure  stability  when  reacted  with  conventional  isocyanates.  However,  even  though  the  cured  material  showed 
no  tendency  to  soften  mechanically  upon  ageing,  the  modified  polymers  exhibited  higher  gas  generation  than 
desirable,  in  particular  in  the  form  of  uncured  prepolymer. 

This  paper  reports  the  development  of  a  more  effective  post-modification  purification  treatment  for  diol 
end-modified  polyGLYN.  The  thermal  stability  of  both  the  treated,  modified  polyGLYN  prepolymer  and  the 
cured  rubber  is  described  using  microcalorimetry,  vacuum  stability,  thermomechanical  analysis  and  nuclear 
magnetic  resonance  spectroscopy.  The  results  show  clearly  that  modified  polyGLYN,  manufactured  by  this 
process,  exhibits  far  superior  long-term  chemical  stability  characteristics  than  shown  by  ail  earlier  varieties 
of  polyGLYN. 

The  stability  of  a  longer  chain  variant  of polyGLYN,  formed  by  optimising  the  level  and  ratio  of  the 
catalyst/initiator  in  the  polymerisation  reaction  and  subjected  to  the  some  post-modification  purification 
treatment,  is  also  discussed. 

These  processes  have  been  scaled  up  to  pilot  plant  level  and  PolyGLYN,  exhibiting  excellent  long  term 
chemical  stability  characteristics,  is  now  available  in  standard  and  higher  molecular  weight  versions. 


1.  INTRODUCTION 

Developments  in  the  field  of  energetic  binders  have  resulted  in  the  appearance  of  polymers 
such  as  polyNIMMO,  polyGLYN  and  GAP  which  can  compensate  to  some  extent  for  the 
reductions  in  performance  associated  with  lower  explosive  filler  levels  and  the  replacement  of 
more  energetic  oxidisers  with  Ammonium  Nitrate.  Although  polyGLYN  (Fig.l)  is  the  most 
energetic  and,  in  some  applications,  the  most  attractive  of  these  new  polymers,  unmodified  PG 
rubbers  have  been  shown  to  exhibit  age-related  softening  resulting  from  breakdown  of  the 
poljoirethane  network.  This  behaviour  has  been  attributed*^*  to  a  low  activation  energy 
degradation  mechanism  associated  with  chain  scission  at  the  urethane  linkage  (Fig.2). 

The  H  atom  on  the  13  position  to  the  urethane  oxygen  is  slightly  acidic  due  to  the  proximity  of 
the  0-nitro  group.  The  geometry  of  the  system  is  such  that  this  proton  can  be  abstracted  by 
the  weakly  basic  nitrogen  in  a  favoured  six-membered  transition  state  reaction.  It  is  also 
possible  that  an  NO2  radical  becomes  attached  to  the  N,  thus  further  increasing  it’s  basicity. 
This,  in  turn,  destabilises  the  C-0  bond  to  the  polymer  chain  and  the  group,  fragments  via  a 
cyclic  transition  state. 

This  instability  appears  to  be  an  inherent  property  of  polyGLYN  cured  with  any  isocyanate 
and  so  in  order  to  overcome  this  problem  it  was  necessary  to  modify  the  chain  ends  (Fig.3). 
This  is  effected  by  ring  closure  of  the  secondary  hydroxyl  group  into  an  epoxide  followed  by 
ring  opening  of  the  epoxide  under  sulphuric  acid  catalysis,  water  being  the  active  nucleophilic 
species.  This  results  in  a  very  desirable  secondary/primary  diol  prepolymer  which  is  faster 
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curing  and  less  sensitive  to  the  presenee  of  water,  and  which  gives  rise  to  rubbers  of  very  good 
cure  stability^\ 

However,  even  though  the  cured  material  shows  no  tendency  to  soften  mechanically  upon 
ageing,  the  modified  polymers  exhibit  higher  gas  generation  than  expected In  an  attempt  to 
eradicate  this  behaviour,  several  post-modification  purification  treatments  were  investigated. 
The  most  effective,  employing  potassium  carbonate,  has  now  been  incorporated  into  the 
standard  method  of  manufacture  for  polyGLYN  prepolymer. 


2.  MANUFACTURE  OF  POLYGLYN  PREPOLYMER 

The  technologies  involved  in  the  laboratory  preparation  of  polyGLYN  and  its  scale  up  to  pilot 
plant  production  rely  on  the  now  well  proven  application  of  dinitrogen  pentoxide  (N2O3).'’’  An 
overview  of  the  process  is  shown  in  Figure  4.  Glycidol  (vacuum  distilled  before  use)  is  nitrated 
in  a  flow  reactor  to  produce  a  dichloromethane  (DCM)  solution  of  GLYN  in  a  very  high  5deld 
(>95%)  and  of  such  a  high  purity  (>99%)  that  no  further  purification  is  required  prior  to 
polymerisation. 

2.1  Polymerisation 

A  classical  ring-opening  method  is  used  to  polymerise  the  energetic  oxirane,  GLYN,  to  give 
hydroxyl  terminated  polyGLYN.  The  initiator  system  employs  tetrafluoroboric  aeid  etherate 
combined  with  a  di-fUnctional  alcohol  to  give  a  nominally  di-functional  polymer.  The 
procedure  involves  the  slow  addition  of  monomer  solution  at  O^C  to  the  initiator  solution  in  a 
stirred  reactor  over  a  prescribed  period  of  time.  An  activated  monomer  unit  combines  with  the 
alcohol  in  a  ring  opening  reaction  which  regenerates  a  proton  which  can  then  activate  a  further 
monomer  unit  which  adds  to  the  polymer  chain.  Complete  monomer  conversion  is  achieved  by 
raising  the  temperature  of  the  reaction  to  20'’C  for  several  hours  at  the  end  of  monomer 
addition.  The  polymerisation  reaction  is  terminated  by  quenching  in  excess  water  and 
neutralisation  is  carried  out  by  means  of  two  separate  sodium  bicarbonate  washes. 

The  molecular  weight  of  the  resulting  polymer  can  be  varied  by  altering  the  initiator/monomer 
ratio.  Currently  polyGLYN  is  made  in  two  molecular  weight  ranges  :- 

Mw  Mn 

‘Standard’  1000-2000  750-  1100 

‘Longer  Chain’  2000-3500  1100-2000 

2.2  End  Group  Modification 

The  prepolymer  dissolved  in  DCM  obtained  from  the  polymerisation  reaction  is  reacted  with  a 
potassium  hydroxide/ethanol  solution  in  a  stirred  reaction  vessel  at  room  temperature.  After 
stirring  for  the  prescribed  period,  an  excess  of  water  is  added  and  stirring  continued  for  a 
further  30  minutes.  The  organic  layer  is  then  given  a  further  wash  with  a  1%  (w/w)  aqueous 
sulphuric  acid  solution  and  the  epoxidised  polymer  is  isolated  by  separation  and  removal  of  the 
DCM. 

The  epoxidised  pol)mier  is  then  dissolved  in  tetrahydrofuran  (THF)  and  refluxed  with  an 
aqueous  sulphuric  acid  solution  for  several  hours  at  66“C.  The  THF  is  then  removed  to  yield 
the  crude  end-modified  polyGLYN. 
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2.3  Post  -  Modification  Purification 

Purification  of  the  crude  end-modified  polyGLYN  was  originally  carried  out  by  re-dissolving 
the  prepolymer  in  DCM  and  washing  twice  with  an  aqueous  sodium  bicarbonate  solution. 
However  an  improved  method  is  now  employed  whereby  the  crude  DCM  solution  of 
polyGLYN  is  stirred  for  a  period  with  solid  potassium  carbonate  before  drowning  with  an 
excess  of  water.  After  a  further  period  of  stirring,  the  solution  is  allowed  to  separate  and  the 
organic  layer  is  given  a  further  water  wash.  The  purified  polymer  is  then  isolated  by  separation 
and  removal  of  the  DCM. 


3.  ASSESSMENT  OF  THERMAL  STABILITY  OF  POLYGLYN 

3.1  End  modified  PolyGLYN 

A  sample  of  polyGLYN  (batch  BX6),  which  had  been  end-modified  using  the  sulphuric  acid 
hydrolysis  process  described  in  section  2.2,  but  which  had  not  received  the  post  modification 
purification  treatment  outlined  in  section  2.3,  was  assessed  for  stability  characteristics  using 
the  techniques  of  vacuum  stability,  microcalorimetry  and  NMR  spectroscopy.  Where 
indicated,  the  prepolymer  was  cured  to  form  solid  rubbers  by  reaction  with  Desmodur 
NIOO/IPDI  (1  equivalent  weight  polyol  mixed  stoichiometricaliy  with  0.5  equivalent  weights 
of  each  isocyanate),  or  reacted  stoichiometricaliy  with  BuNCO  to  form  soluble  urethane 
compounds. 

VS  tests  were  performed  at  100°C  on  5g  samples  of  each  polymer  both  in  the  form  of  liquid 
prepolymers  and  after  being  cured  to  form  solid  rubbers.  Pressures  were  recorded  manually 
every  4  hours.  Both  uncured  and  cured  samples  of  this  material  exhibited  excessive  gas 
generation  under  these  conditions  and  each  test  was  curtailed  before  the  scheduled  40  hour 
test  period.  This  contrasts  with  the  behaviour  of  earlier  varieties  of  polyGLYN  where  high  gas 
generation  was  found  solely  in  cured  rubbers.  Figure  5  shows  the  gas  generation  profiles  of 
modified  polyGLYN  BX6,  along  with  those  of  unmodified  (GLYN  ended)  polyGLYN  and  the 
earlier  chlorohydrin-ended  polyGLYN 

In  order  to  allow  tests  of  the  normal  40  hours  duration  to  be  completed,  VS  tests  were 
repeated  using  2g  samples  of  fully  hydrolysed  end-modified  polyGLYN  (BX6).  Total  gas 
generated  during  this  test  was  12.65  ml  gas  at  STP  for  the  uncured  2g  sample  and  6.62  ml  gas 
at  STP  for  the  cured  2g  rubber  sample.  These  VS  test  results  would  suggest  that  the 
prepolymer  is  exhibiting  marked  instability  whereas  the  curing  process  appears  to  improve  the 
vacuum  stability  of  the  fiilly  hydrolysed,  modified  material. 

Heat  generation  fi'om  end-modified  polyGLYN  (BX6)  samples  held  isothermally  at  77“C  was 
monitored  for  90  hours  using  a  Thermometric  thermal  activiy  monitor.  Results  are  summarised 
in  Table  1  and  illustrated  in  Figures  6-7. 

These  results  on  the  sulphuric  acid  hydrolysed  polyGLYN  are  in  line  with  the  VS  behaviour  of 
this  material,  which  suggest  that  the  prepolymer  exhibits  gas  generation  problems  whereas 
curing  the  sample  to  a  rubber  appears  to  reduce  the  tendency  to  evolve  gas.  This  is  the 
opposite  of  what  has  been  reported  previously  with  all  other  types  of  polyGLYN,  including 
the  chlorohydrin-ended,  modified  material 
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Clearly  the  VS  and  heat  generation  tests  both  reveal  that  the  diol  end  group  modification 
process  results  in  increased  chemical  activity  in  polyGLYN  prepolymer  of  a  type  which  has 
not  been  seen  in  earlier  types  of  polyGLYN. 

'^C  NMR  spectra  were  recorded  on  modified  polyGLYN  (batch  BX6),  both  unaged  and  after 
storage  at  fiCC  for  6  weeks.  The  samples  are  described  in  Table  2  and  the  spectra  illustrated 
in  Figures  8-9. 

The  uncured,  modified  BX6  prepolymer  shows  two  notable  changes  in  its  ”C  NMR  spectrum 
when  aged  for  6  weeks  at  fiCC.  First,  a  large,  single  peak  appears  at  109.5  ppm.  Secondly,  the 
peaks  assigned  to  the  primary  hydroxyl  end  group  carbons  disappear  almost  entirely.  These 
samples  exhibit  a  very  small  peak  at  191  ppm,  which  is  a  feature  frequently  observed  in  aged 
polyGLYN-urethane  samples. 

3.2  End  Modified  PolyGLYN  with  Post-Hydrolysis  Purification 

A  later  batch  of  end-modified  polyGLYN  (batch  BXIO),  which  had  been  subjected  to  the 
post-modification  purification  treatment  described  in  section  2.3,  was  assessed  for  stability 
characteristics,  again  using  the  techniques  of  vacuum  stability,  microcalorimetry  and  NMR 
spectroscopy. 

VS  tests  were  performed  at  100“C  on  2g  samples  of  each  polymer,  either  as  liquid 
prepolymers,  or  as  cured  rubbers.  Pressures  were  recorded  manually  every  4  hours.  Results 
are  illustrated  in  Figures  10  and  1 1  and  total  gas  generated  during  the  test  is  summarised  in 
Table  3.  Results  under  similar  conditions  for  a  sample  of  unmodified  polyGLYN  are  shown  for 
comparison. 

Heat  generation  measurements  were  made  in  the  TAM  at  77  “C,  as  described  for  earlier 
polyGLYN  batches  both  in  the  form  of  liquid  prepolymers  and  after  being  cured  to  form 
rubbers.  The  results  are  illustrated  in  Figures  12-13  and  summarised  in  Table  4. 

'^C  NMR  spectra  were  recorded  on  treated,  modified  polyGLYN  (batch  BXIO),  both  unaged 
and  after  being  stored  at  OO'C  for  6  weeks.  The  samples  are  described  in  Table  5  and  the 
spectra  illustrated  in  Figures  14-15. 


3.3  Longer  Chain  End  Modified  PolyGLYN  with  Post-Hydrolysis  Purification 

End-modified  PolyGLYN  has  now  been  produced  with  a  significantly  higher  molecular  weight 
than  was  possible  before  -  see  section  2. 1 .  Preliminary  studies  of  the  stability  of  3  batches  of 
this  material  (BX14,  BX15  and  BX16)  have  been  performed,  using  vacuum  stability  (Fig.l6) 
and  microcalorimetiy  (Fig.  1 7).  It  can  be  seen  that  the  results  are  similar  to  the  standard 
product  which  has  been  modified  and  treated  and  there  is  no  evidence  of  any  new  instabilities 
introduced  by  the  manufacturing  process  used  to  achieve  the  longer  polymer  chains. 
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4.  DISCUSSION 

Vacuum  stability  and  TAM  experiments  on  polyGLYN  batch  BX6  show  that  high  gas  and 
heat  generation  behaviour  are  introduced  into  the  prepolymer  when  epoxidised  polyGLYN  is 
hydrolysed  using  sulphuric  acid.  The  complicated,  but  reproducible  appearanee  of  the  TAM 
traces  indicate  that  the  observed  reactions  differ  in  nature,  as  well  as  rate,  from  the  "normal" 
exothermic  decomposition  which  is  exhibited  by  all  nitrated  polyethers.  This  is  in  agreement 
with  the  NMR  evidence  on  aged,  modified  polyGLYN  (BX6),  which  shows  the  aged  material 
to  be  characterised  by  the  appearance  of  a  large  peak  at  109.5  ppm  in  the  spectrum.  This  is 
thought  to  be  caused  by  the  production  of  an  acidic  species  during  ageing  which  catalyses  a 
reaetion  between  the  modified  end  groups  and  the  deuterated  acetone  solvent  employed  for 
the  NMR  analysis  When  diol  ended  polyGLYN  has  received  the  purification  treatment 
described  in  2.3,  this  type  of  instability  is  no  longer  observed. 

The  various  experiments  appear  to  be  consistent  with  each  other  and  to  agree  on  the  general 
features  of  the  phenomena  and,  in  particular,  on  the  effectiveness  of  the  K2CO3  treatment  in 
eradicating  this  type  of  instability  The  overall  picture  appears  to  be  very  promising.  The  latest 
sulphuric  acid  hydrolysed  /  K2CO3  stabilised  end-modified  polyGLYN  represents  a  significant 
advance,  in  terms  of  stability  characteristics,  on  all  earlier  types  of  polyGLYN. 


5.  CONCLUSIONS 

The  immense  promise  of  polyGLYN  as  the  most  energetic  of  the  current  range  of  energetic 
polymers  for  binder  systems  appears  at  last  to  have  been  realised.  The  problem  of  cure 
instability  has  been  overcome  with  an  elegant  epoxidation  /  hydrolysis  end  modification 
reaction  and  an  additional  post-modification  purification  step  has  resulted  in  a  very  stable 
polymer  which  is  compatible  with  all  of  the  common  fillers  used  in  propellant  and  explosive 
formulations. 

PolyGLYN  is  now  routinely  and  consistently  manufactured  on  a  pilot  plant  scale  in  two 
molecular  weight  ranges  -  ‘standard’  and  ‘longer  chain’  -  both  of  which  exhibit  excellent  long 
term  chemical  stability  characteristics. 
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Table  1  Heat  Flow  Calorimetry  -  Diol  ended  polyGLYN;  No  stabilisation  treatment 

Sample*  Heat  Evolution  Rate  After  Total  Heat  Generated  in 

90  Hours  (pW/g)  90  Hours  (Joules/g) 


Vncured  Prepolymer  Samples 

BX6INAIR 
BX6  IN  NITROGEN 

Cured  Rubber  Samples  * 

BX6INAIR  31  19,9 

BX6  IN  NITROGEN  29  17,2 


Table  2  NMR  Spectroscopy  -  Diol  ended  polyGL  YN;  No  stabilisation  treatment 


Sample  Description  Spectrum  no, 

PolyGLYN  BX6  prepolymer  -  end  modified  t^'  hydrolysis  with  4909 

sulphuric  acid  -  unaged 

PolyGLYN  BX6  prepolymer  -  end  modified  hydrolysis  with  4942 

sulphuric  acid  -  aged  6  weeks  at  OO'C  * 

PolyGLYN  BX6  -  end  modified  hydrolysis  with  sulphuric  4997 

acid  and  pseudocured  with  BuNCO  -  imaged 

PolyGLYN  BX6  -  end  modified  by  hydrolysis  with  sulphuric  acid  4940 

and  pseudocured  with  BUNCO  -  aged  for  6  weeks  at  60°C  *’ 


a  A  large  single  peak  appeared  at  109,5  ppm  in  the  spectrum  of  the  uncured  material  when  aged  (Fig  4) 

b  A  small  peak  appeared  at  191  ppm  in  the  pseudocured  material,  a  feature  seen  in  aged  polyGLYN 

urethanes  before.  However,  there  was  no  sign  of  the  109,5  ppm  peak  which  appeared  in  the  aged, 
uncured  sample  (Fig  5), 


Table  3  Vacuum  Stability  Tests  on  Straight  and  Modified/Treated  PolyGLYN  Blend  BXIO 
Sample  Gas  from  2g  sample  (ml  STP) 


VneuredPrepolymer  Samples 


Straight  GLYN-ended  polyGLYN  1,8 

Diol  end  modified  polyGLYN  (post-purified)  2, 1 

Cured  Rubber  Samples 

Straight  GLYN-ended  polyGLYN  13,3 

Diol  end  modified  polyGLYN  (post-purified)  4,8 


127  19,3 

128  12,5 
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Table  4  Heat  Flow  Calorimetry  on  Straight  and  Modified/Treated  PolyGLYN  Blend  BXIO 


Sample 

Heat  Evolution  Rate 

After  90  Hours  (uW/g) 

Total  Heat  Generated 
in  90  Hours  (Joules/g) 

Uncured  Prepolymer  Samples 

Straight  GLYNended  polyGLYN 

19.6 

7.1 

Diol  end  modified  polyGLYN  (post-purified 

19.6 

10.7 

Cured  Rubber  Samples 

Straight  GLYN-ended  polyGLYN 

42.4 

29.8 

Diol  end  modified  polyGLYN  (post-purified 

27.0 

13.2 

Table  S  NMR  Spectroscopy- diol  ended/K2C03  treated  polyGLYN 

Sample  Description 

Spectrum  no. 

PolyGLYN  BXIO  prepolymer  -  end  modified  by  hydrolysis  with 
sulphuric  acid  and  then  treated  with  K2C03  -  unaged" 

5742 

PolyGLYN  BXIO  prepolymer  -  end  modified  by  hydrolysis  with  sulphuric 
acid  and  then  treated  with  K2C03  -  aged  6  weeks  at  60°C‘' 

5860 

Pseudocured  PolyGLYN  BXIO/BuNCO  -  end  modified  by  hydrolysis 
with  sulphuric  acid  and  pseudocured  -  unaged'’ 

5733 

Pseudocured  PolyGLYN  BXIO/BuNCO  -  end  modified  by  hydrolysis 
with  sulphuric  acid  and  pseudocured  -  aged  for  6  weeks  at  SO'C* 

5847 

“  No  obvious  change  in  spectrum  observed  in  the  prepolymer  as  a  resuit  of  acceierated  ageing  -  in  particuiar, 
the  109.5  ppm  peak  associated  with  ageing  untreated  dioi-ended  pdyGLYN,  was  absent  -  spectra  iilustrated  in 
figure14. 


^  No  obvious  change  in  spectrum  observed  in  pseudocured  polymer  as  a  result  of  accelerated  ageing  -  in  particular 
the  urethane  peaks  at  155  ppm  have  not  split  into  multiplets  and  the  191  ppm  associated  with  aged,  unmodified 
polyGLYN,  has  not  appeared  -  spectra  illustrated  in  figure  15. 


Glyn  monomer :  PG  prepolymer : 


PG  cured  rubber 


Figure  1 


PolyGLYN 


LOW  VISCOSITY  PRODUCTS 


Figure  2  Postulated  Decomposition  Mechansim  for  polyGLYN 


Figure  3 


Formation  and  Hydrolysis  of  the  polyGLYN  Epoxide 
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Production  of  PolvGLYN 
Glycldol  In  DCM  +  N205lnDCM 
1 

GLYN  In  DCM 

V\^  K2C03/Water 
Dry  using  a  molecular  sieve 
, ,  Concemrale 

50%  GLYN  in  OCM 

Add  10  DCM  solution  of  HBF4  etherate 
and  Butanediol 

PolyGLYN  In  OCM 

I  Wash  with  NaHC03AWater 

PolyGLYN  in  OCM 

j  EpoMdisevvithKOH/lMS 

VWsh  with  sveter 
Wash  with  H2S04/Water 
f  Remove  sdvent 

Epoxidised  PolyGLYN 

Hydrolyse  H2S04^F  (reflux) 
Remove  THF 
Dissolve  in  DCM 
Washwfth  K2C03 
Wash  with  water 
*  Remove  solvent 


PolyGLYN 
(Stable  when  cured) 


Figure  4  Manufacture  of  PolyGLYN 


Figure  5 


VS  Tests  of  Various  Types  of  PolyGLYN 
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Figure12  Heat  Generation  from  Uncured  Bx10  Modified  and  Figure13  Heat  Generation  from  Cured  BxIOModiTied  and 

Straight  GLYN  Ended  polyOLYN  (77  C)  Straight  GLYN  Ended  polyGLYN  (77  C) 


'nHE(iHXin8i  I  THE  onno 

Figure  16  VS  Teete  of  Longer  ChainDiol-Ended  Figure  17  Meat  Oeneiation  from  Longer  Cliain 

PolyGLYN  (Poet  Purffled)  DIoLEndod  PolyGLYN 
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ABSTRACT: 

The  studies  presented  were  carried  out  to  enable  a  better  understanding  of  the  mechanism  and 
hence  control  of  plateau  burning  rate  behaviour  in  double  base  propellants.  The  physical  and 
chemical  mechanisms  underlying  this  behaviour  were  explored.  It  is  hoped  that  the  infoimation 
gained  on  the  operation  of  lead  and  copper  based  ballistic  modifiers  can  be  used  to  formulate  less 
toxic  and  hence  environmentally  fiiendly  alternatives. 

Previous  literature  concerning  mechanisms  of  platonisation  is  briefly  discussed.  These 
mechanisms  are  considered  in  terms  of  our  current  foimulatory  experience. 

Experimental  studies  aimed  understanding  the  operation  of  individual  modifiers  by  defining 
some  of  their  physical  and  chemical  characteristics  are  detailed.  The  temperatures  experienced 
by  these  organometallic  compounds  in  burning  propellant  were  modeled.  Thermal  ramp 
decomposition  experiments  of  the  modifiers  and  the  roles  of  different  ligands  and  carbon  black 
were  investigated.  The  conclusions  of  these  in-virtro’  experiments  were  tested  by  manufacture 
and  ballistic  characterization  of  extruded  and  case  double  base  propellants. 

It  is  considered  likely  that  lead  organometallic  ballistic  modifiers  decompose  to  a  metal  oxide 
plus  ligand  with  the  precise  form  of  oxide  being  determined  by  the  physical,  chemical  and 
thermal  properties  of  fte  individual  modifier.  The  active  superrate  catalysis  is  hypothesized  to 
be  a  PbO/C  moiety  with  platonisation  resulting  fiom  competitive  oxidation  of  the  carbon  by  NO. 
This  behaviour  will  be  compared  with  studies  on  copper  modifiers  where  the  specific  suifiice 
area  of  the  copper  compound  is  a  primary  contributor  to  catalysis  although  the  ligand  is  also 
important. 
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FAST  BURNING  ROCKET  PROPELLANTS 
WITH  REDUCED  SMOKE 

Klaus  Menke,  Siegfried  Eisele, 

Fraunhofer-lnstitut  fur  Chemische  Technologie  (ICT) 
D-76327  Pfinztal-Berghausen 


1 .  Abstract 

Rocket  propellants  with  reduced  smoke  and  high  burning  rates  recommend 
themselves  for  use  in  a  rocket  motor  for  high  accelerating  tactical  missiles.  They 
serve  for  an  improved  camouflage  on  the  battle  field  and  may  enable  guidance 
control  due  to  the  higher  transmission  of  their  rocket  plume  compared  to  tradi¬ 
tional  aluminized  composit  propellants. 

In  this  contribution  the  material  based  ranges  of  performance  and  properties  of 
three  non  aluminized  rocket  propellants  will  be  introduced  and  compared  to 
each  other.  The  selected  formulations  based  on  AP/HTPB;  AP/PU/TMETN  and 
AP/HMX/GAP/TMETN  have  roughly  the  same  specific  impulse  of  Isp  =  2430  Ns/kg 
at  70:1  expansion  ratio.  The  burning  rates  in  the  pressure  range  from  10-18  MPa 
vary  from  to  26  -  33  mm/s  for  the  AP/HTPB  propellant,  52  -  68  mm/s  for  the  for¬ 
mulation  based  on  AP/PU/TMETN  and  28  -  39  mm/s  for  the  propellant  based  on 
AP/HMX/GAP.  With  58  %  and  20  %  AP-content  the  propellants  with  nitrate  ester 
plasticizers  create  a  much  smaller  secondary  signature  than  the  AP/HTPB  re¬ 
presentative  containing  86  %  AP.  Their  disadvantage,  however,  is  the  connecti¬ 
on  of  high  performance  to  a  high  level  of  energetic  plasticizer.  For  this  reason, 
the  very  fast  burning  propellant  based  on  AP/PU/TMETN  is  endowed  with  a  low 
elastic  modulus  and  is  limited  to  a  grain  configuration  which  isn't  exposed  too 
much  to  the  fast  and  turbulent  airstream. 

The  mechanical  properties  of  the  AP/HMX/GAP-propellant  are  as  good  or  better 
as  those  of  the  AP/HTPB  propellant.  The  first  one  exhibits  the  same  performance 
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and  burn  rates  as  the  composit  representative  but  produces  only  one  fifth  of  HCI 
exhaust.  For  this  reason  it  is  recommended  for  missile  applications,  which  must 
have  high  accelerating  power  together  with  a  significantly  reduced  plume  signa¬ 
ture  and  smoke  production. 

Zusammenfassung 

Rauchreduzierte  Festtreibstoffe  mit  hohen  Abbrandgeschwindigkeiten  bieten 
sich  fur  den  Antrieb  hochbeschleunigender  taktischer  Flugkorper  an,  da  sie  ge- 
genuber  aluminiumhaltigen  Composits  eine  bessere  Tarnung  auf  dem  Gefechts- 
feld  und  durch  die  hohere  Transmission  des  Abgasstrahls  u.U.  Kommando- 
Lenkung  ermoglichen. 

In  diesem  Beitrag  werden  die  stoffbezogenen  Leistungsbereiche  und  Eigen- 
schaften  dreier  metallfreier  Raketentreibstoffe  vorgestellt  und  miteinander  ver- 
glichen.  Die  ausgewahiten  Formulierungen  auf  der  Basis  AP/HTPB,  AP/PU/TMETN 
und  AP/HMX/GAP/TMETN  besitzen  in  etwa  den  gleichen  spezifischen  Impuls  von 
2430  Ns/kg  bei  einem  Entspannungsverhaltnis  von  70:1.  Die  Abbrandgeschwin¬ 
digkeiten  im  Druckbereich  10-18  MPa  betragen  fur  den  AP/HTPB-Treibstoff  26  - 
33  mm/s,  fClr  die  Formulierung  auf  der  Basis  AP/PU/TMETN  52  -  68  mm/s  und  fur 
den  AP/HMX/GAP-Treibstoff  28  -  39  mm/s.  Mit  58  %  und  20  %  AP-Anteil  besit¬ 
zen  die  Treibstoffe  mit  Nitratesterweichmachern  eine  geringere  Sekundarsigna- 
tur  als  der  AP/HTPB-Vertreter  mit  86  %  AP.  Ihr  Nachteil  ist  eine  von  einem  hohen 
Anteil  des  energetischen  Weichmachers  abhangige  Leistung.  Der  extrem  schnell- 
brennende  AP/PU/TMETN-Treibstoff  erhalt  dadurch  einen  geringen  E-Modul  und 
bleibt  in  der  Anwendung  auf  weniger  stromungsbelastete  Treibsatzgeome-trien 
beschrankt. 

Der  AP/HMX/GAP-Treibstoff  besitzt  ebenso  gute  und  bessere  mechanische  Ei- 
genschaften  wie  der  AP/HTPB-Composittreibstoff.  Bei  gleicher  Leistung  und  Ab- 
brandgeschwindigkeit  stoBt  er  nur  ein  Funftel  der  HCI-Emission  des  Composit- 
vertreters  aus.  Er  empfiehit  sich  damit  fur  Flugkorperanwendungen,  die  eine 
hohe  Beschleunigung  zusammen  mit  einer  betrachtlich  reduzierten  Rauchbil- 
dung  und  Abgasstrahlsignatur  erfordern. 
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2.  List  of  Symbols 

Isp  Specific  Impulse 

Tc  Combustion  temperature 

K  kappa  =Cp/Cv  ratio  of  specific  heats 

AP  Ammoniumperchlorate 

BTTN  1,2,4  Butanetrioltrinitrate 

DOA  Diisooctyladipate 

FTS  Festtreibstoff  -  solid  propellant 

GAP  Glycidylazidopolymer 

FIDI  Hexamethylenediisocyanate 

HMX  Octogen 

HTPB  Polybutadiene,  hydroxyterminated  (R45  M) 

IPDI  Isophorondiisocyanate 

MPa  Megapascal 

N100  trifunctional  Isocyanate  (Bayer) 

NGI  Nitroglycerine 

PU  Polyurethane  (Desmophen  Type) 

TMETN  Metrioltrinitrate 

3.  Introduction 

Composite  propellants  which  have  been  specifically  designed  on  the  basis  of 
ammonium  perchlorate,  aluminium  and  polybutadiene  binders  fulfil  the  de¬ 
mands  for  high  specific  impulse,  high  burning  rate  and  high  mechanical 
strength.  However,  their  burning  is  accompanied  by  a  great  deal  of  smoke  pro¬ 
duction.''^'^’ 

Applications  which  include  active  guidance  e.g.  by  means  of  radar  or  laser  gui¬ 
dance  or  battle  field  applications  which  require  the  camouflage  of  the  launch 
location,  are  made  very  difficult  or  even  impossible  by  the  vast  amount  of  pri¬ 
mary  and  secondary  signatures  and  the  consequent  sight  and  absorption  effects 
of  the  rocket  plume. 

For  this  reason  rocket  propellants  with  low  smoke  or  reduced  smoke  rocket  pro¬ 
pellants  with  high  specific  impulse  and  high  burning  rates  are  of  special  interest 
for  the  development  of  high  accelerating  missiles. 

This  paper  describes  three  types  of  fast  burning,  reduced  smoke  rocket  propel¬ 
lants  which  under  certain  circumstances  can  be  adapted  to  suit  these  applicati¬ 
ons  and  compares  their  properties. 
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4.  Propellant  systems 

4.1  Basic  components 

In  today's  existing  propellant  technology,  the  rocket  propellants  used  which  ha¬ 
ve  high  specific  impulse  and  high  burning  rates  were  and  are  connected  with 
the  presence  of  ammonium  perchlorate  in  small  particle  size.  Using  smoke  redu¬ 
ced  double  base  and  nitramine  propellants,  it  has  so  far  not  been  possible  to 
achieve  the  high  performance  of  composite  propellants  and  high  burning  rates 
at  the  same  time'"^’.  In  order  to  compare  their  properties,  three  propellants  were 
selected  which  represent  systems  with  high,  medium  and  low  perchlorate  pro¬ 
portions. 

System  1  is  based  on  traditional  composite  components: 

AP/HMX/HTPB/DOA 

System  2  replaces  HTPB  and  DOA  with  a  polyesterurethane  and  an  energy  rich 
nitrate  ester  as  plasticizer: 

AP/PU/TMETN 

System  3  reduces  the  proportion  of  AP  to  20%  and  introduces  glycidyl- 
azidopolymer  with  nitrate  ester  as  energetic  binder  and  plasticizer  apart  from 
octogen  as  an  energetic  solid: 

AP  /  HMX  /  GAP  /TMETN  /  BTTN 

4.2  Performance  ranges 

In  order  to  present  the  performance  ranges  of  the  three  propellant  systems,  up 
to  25  thermodynamic  performance  calculations  were  performed  in  each  case 
using  the  thermodynamic  program  and  the  associated  material  database  gene¬ 
rated  by  Volk  and  Bathelt®  within  the  following  concentration  limits: 

System  1 :  AP  :  84  -  92  % 

HMX  :  0  -  25  % 

HTPB  +  DOA:  8-16% 

Composition  of  binder: 

R45M  +  IPDI  with  R  =  NCO/OH  =  1.0 
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System  2:  AP  :  50  -  80  % 

PU  :  4  -  20  % 

TMETN  :  12-40% 

Composition  of  binder: 

PU  =  Desmophen®  prepolymer  +  HDI  with  R  =  NCO/OH  =  1.0 


System  3:  AP  :  20  % 

HMX  :  50  -  60  % 

GAP/N100  :  6  -  18  % 

TMETN  :  8-21% 


Composition  of  binder: 

GAP  elastomer  =  86.2  %  GAP 
13.8%N100 

GAP  +  TMETN  =  20-30  % 

with  TMETN  =40-70  %  of  the  binder 

The  calculated  values  for  the  specific  impulse  in  Ns/kg  with  an  expansion  ratio  of 
70:1  were  converted  into  two  dimensional  concentration  diagrams  to  lines  of 
the  same  impulse  values  with  a  distance  of  10  -  20  Ns/kg.  The  results  are  repre¬ 
sented  in  Figs.  1,  3  and  5, 

Fig.  1  shows  the  isocurves  of  the  specific  impulse  determined  in  this  manner  for 
the  propellant  system  AP/HMX/HTPB.  From  this  it  can  be  seen  that: 

*  The  greater  the  solids  loading,  the  greater  the  performance  of  the  smoke 
reduced  composite.  The  maximum  is  reached  at  approx.  Isp  =  2475  Ns/kg 
with  89%  solids  without  HMX  addition. 

Values  up  to  and  above  2500  Ns/kg  are  possible  if  more  solids  and  HMX  are 
applied. 

*  If  up  to  88%  filler  is  added,  the  addition  of  HMX  always  results  in  a  reducti¬ 
on  of  the  thermodynamic  performance.  It  is  not  until  formulations  include 
more  than  88%  solids  that  the  addition  of  octogen  increases  performance 


hfkpost98.doc  11.05.98 


91-6 


due  to  the  performance  improved  oxygen  balance.  The  maximum  of  90% 
filler  is  approx.  2493  Ns/kg  with  a  12  %  proportion  of  HMX. 

*  Regarding  processibility,  the  maximium  solids  loading  amounts  to  86-88% 
up  to  which  castability  of  the  ready  mixed  propellant  slurry  can  be  achieved. 
In  this  case,  the  performance  limit  is  marked  at  2430  -  2460  Ns/kg  by  propel¬ 
lant  formulations  without  HMX.. 

Fig.  3  shows  the  isocurves  of  the  specific  impulse  for  the  propellant  system 
AP/PU/TMETN.  In  this  case  the  maximum  for  the  specific  impulse  is  dependent  on 
the  proportion  of  nitrate  ester  plasticizer  and  lies  in  the  range  between  55-70% 
ammonium  perchlorate.  Due  to  the  improved  oxygen  balance  of  the  binder/  pla¬ 
sticizer  system,  the  Isp  value  quickly  decreases  with  AP  contents  of  greater  than 
70%. 

In  the  case  of  a  60%  AP  proportion,  the  specific  impulse  is  significantly  increased 
by  the  increase  of  the  TMETN  content  by  only  a  few  percent.  However,  if  the 
nitrate  ester  proportion  is  increased,  the  propellants  become  soft,  migration  and 
sweating  processes  can  take  place.  The  maximum  values  for  a  stable  propellant 
in  this  range  lies  with  30%  TMETN,  i.e.  a  70  -  75%  percentage  of  nitrate  ester  in 
the  binder.  The  maximum  possible  specific  impulse  therefore  is  Isp  =  2460  Ns/kg. 

Fig.  5  shows  the  isocurves  of  the  specific  impulses  for  the  system 
AP/HMX/GAP/TMETN.  It  can  be  seen  that  as  is  the  case  with  system  2,  the  specific 
impulse  increases  with  the  proportion  of  the  energetic  plasticizer  in  the  binder 
and  with  the  solids  loading.  Due  to  the  decreased  oxygen  balance  of  the  binder 
and  the  nitramine  solid,  there  is  no  maximum  up  to  80%  solids  loading,  instead 
there  is  a  constant  increase  of  the  specific  impulse  up  to  2550  Ns/kg  in  regions 
which  are  usually  only  reserved  for  composite  propellants  containing  metals. 

The  cause  of  this  is  the  very  high  energy  of  the  system  from  nitramine,  energetic 
binder  and  nitrate  ester  plasticizer.  In  order  to  make  a  castable,  fast  burning 
propellant  it  is  virtually  impossible  to  increase  the  70%  proportion  of  solid. 

The  limit  of  this  propellant  systems  therefore  lies  at  Isp  =  2500  -  2510  Ns/kg 
without  additives.  However,  further  increases  in  performance  are  possible  by 
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including  the  high  energy  BTTN  into  the  plasticizer  proportion  of  TMETN.  In  this 
manner  a  specific  impulse  of  Isp  =  2540  Ns/kg  is  possible  for  a  propellant  with  a 
high  amount  of  plasticizer®’. 


5.  Propellant  formulations  and  properties 

In  order  to  discuss  the  properties  of  propellants  of  the  systems  presented,  three 
formulations  were  chosen,  the  compositions  of  which  are  shown  in  table  1.  Re¬ 
presentative  for  propellant  system  1,  an  AP/HTPB  composite  No.  27a  with  86% 
AP  in  a  bimodal  particlesize  distribution,  12%  HTPB  binder  as  well  as  2%  iron-ill- 
oxide  as  burning  catalyst  were  used. 

Propellant  system  2  is  represented  by  formulation  No.  130  with  :  58%  AP  in  very 
fine  bimodal  particlesize  distribution,  30%  TMETN,  10%  PU  binder  content  and 
2%  copper  chromite  as  burning  catalyst. 

Propellant  system  3  is  represented  by  formulation  No.  103  with  20%  air  jet  gro¬ 
und  AP,  45.5%  ground  octogen,  12%  GAP  binder,  18%  TMETN  and  4.5%  iron-ill- 
oxide  as  burning  catalyst. 

All  three  formulations  make  use  of  fine  ground  ammoniumperchlorate  and  bur¬ 
ning  catalysts  in  common.  Because  the  latter  are  added  as  metal  oxides  and 
furthermore  stabilising  or  wetting  additives  are  necessary,  the  values  for  the 
specific  impulses  compared  to  the  performance  limits  described  in  section  2,  are 
reduced  by  2  -  4%. 

5.1  Thermodynamic  properties 

Tables  2  and  3  show  that  all  three  propellants  have  approximately  the  same  spe¬ 
cific  impulse,  but  other  densities,  different  oxygen  balances  and  different  com¬ 
positions  of  the  exhaust  gases.  Due  to  the  lower  oxygen  balance  and  the  lower 
AP  proportion, 

the  average  molecular  weight  of  the  gaseous  combustion  products  is  reduced 
from  AP/HTPB  propellant  No.  27a  to  that  of  AP/HMX/GAP  propellant  No.  103.  As 
the  proportion  of  hydrochloric  acid  and  steam  in  the  exhaust  gases  decrease,  the 
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hydrogen  and  CO  proportions  increase  significantly. 

The  lower  hydrochloric  acid  and  steam  proportion  drastically  reduces  the  resul¬ 
ting  smoke  formation  for  formulation  No.  103.  According  to  the  new  AGARD 
classification,  this  propellant  is  given  the  B-classification  for  secondary  signa¬ 
ture^’. 

Due  to  a  better  O2  balance,  propellant  no.  27a  reaches  a  higher  burning  tempe¬ 
rature  compared  to  the  propellants  130  and  103.  In  the  case  of  propellant  no. 
103,  mainly  the  high  energy  components  HMX  and  GAP  contribute  towards  hig¬ 
her  values  of  Tc  and  Isp.  Overall,  the  higher  burning  temperature  and  the  smal¬ 
ler  kappa  =  Cp/Cv  of  the  HTPB  propellant  balance  out  the  greater  average  mo¬ 
lecular  weight  of  the  combustion  gases.  Therefore  the  three  propellants  all  have 
approximately  the  same  thermodynamic  calculated  specific  impulse. 

5.2  Sensitivity  and  stability 

Tables  4  and  5  show  the  data  of  the  propellants  for  the  processing  viscosity  and 
mechanical  properties,  sensitivity  and  chemical  stability.  Due  to  the,  in  some  ca¬ 
ses,  high  proportion  of  very  fine  crystalline  ground  perchlorate,  all  three  pro¬ 
pellants  are  especially  friction  and  impact  sensitive  compared  to  doublebase  or 
nitramine  propellants.  This  is  noticeable  most  in  the  case  of  the  traditional  com¬ 
posite  propellant  which  has  the  greatest  AP  proportion  and  therefore  also  the 
greatest  friction  and  impact  sensitivity.  As  octogen  and  nitrateesters  are  missing, 
AP/HTPB  propellants  belong  to  the  safety  classification  group  1.3  not  showing 
any  detonation  sensitivity  in  small  dimensions.  In  the  case  of  the  formulations 
No.  130  and  No.  103,  the  safety  classification  is  1.1. 

The  chemical  stability  of  all  three  propellants,  determined  by  the  Holland  test 
and  vacuum  stability,  are  good,  they  are  especially  high  in  the  case  of  AP/HTPB 
propellant.  The  use  of  TMETN  which  is  somewhat  lower  in  energy  but  more 
stable  compared  to  the  energy  richer  but  more  unstable  representatives  NGI  or 
BTTN,  also  results  in  good  stability  values  for  propellants  No.  130  and  No.  103. 
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5.3  Processibility  and  mechanical  properties 

All  three  propellants  have  a  sufficiently  low  casting  viscosity  and  can  be  proces¬ 
sed  well  in  the  slurry  casting  procedure,  i.e.  can  be  processed  in  a  manner  in 
which  they  adhere  to  the  walls  of  the  chamber.  In  order  to  set  a  sufficiently  long 
potlife,  propellants  No.  130  and  No.  103  with  the  curing  agents  HDI  and  N100 
are  processed  at  30°C,  FTS  27A  with  IPDI  at  60°C. 

All  three  propellant  types  show  viscoelastic  mechanical  properties  in  the  tempe¬ 
rature  range  between  -  40°C  to+  50  °C,  in  each  case  the  glass  transition  and 
freezing  points  lie  belovy  -  50°C,  in  each  case  the  softening  point  lies  above 
+  60°C. 

All  three  propellant  types  were  not  optimised  in  their  mechanical  properties,  all 
three  can  be  adapted,  within  limits,  to  specific  grain  designs  and  requirements 
by  changing  the  binder  networking  and  curing  cinetics.  Differences  which  can¬ 
not  be  avoided  are  manifested  in  the  details.  They  are  caused  by  the  different 
proportions  of  the  solids,  binder  polymers  and  plasticizer  contents. 

At  plus  and  minus  temperatures,  the  HTPB  Propellant  No.  27A  shows  approxi¬ 
mately  the  same  tensile  strength  and  E-module  values  as  GAP  bound  formulati¬ 
ons  No.  103,  but  at  +  20°C  and  +  50  °C  it  shows  lower  elongation  at  break.  In  the 
case  of  HTPB  propellant,  a  lower  proportion  of  plasticizer  and  improved  curing 
cinetics  result  in  improved  elongation  at  break,  tensile  strength  and  E-module 
without  changing  the  specific  impulse  and  the  burning  behaviour  of  the  formu¬ 
lation.  In  the  case  of  the  GAP  propellant,  this  is  only  possible  within  certain  li¬ 
mits  ,  e.g.  by  changing  the  network  density.  As  in  the  case  of  propellant  No.  130, 
reducing  the  proportion  of  the  plasticizer  also  results  in  a  reduction  in  perfor¬ 
mance. 

Due  to  its  high  plasticizer  and  low  filler  content,  the  mechanical  strength,  espe¬ 
cially  the  E-module  of  propellant  No.  130  lies  significantly  below  the  values  of 
the  other  two  propellant  systems.  Although  the  high  stretchability  indicates  that 
the  E-module  can  be  increased  by  increasing  the  binder  networking  and  there¬ 
fore  reducing  the  elongation  at  break,  the  high  plasticizer  content  which  is  con¬ 
nected  with  performance  limits  very  high  tensile  strengths  and  E  module  values 
being  reached.  Therefore  in  this  case,  the  mechanical  properties  make  a  simple 
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grain  configuration  which  is  not  exposed  too  much  to  the  fast  and  turbulent 
airstream  necessary  for  the  use  of  this  propellant. 

5.4  Burning  behaviour 

One  of  the  most  important  functional  properties  of  the  propellant  is  its  burning 
behaviour,  i.e.  the  interaction  of  burning  rate,  pressure  exponents  and  tempera¬ 
ture  coefficients. 

Figs.  2,  4  and  6  show  the  burn  rate  versus  pressure  diagrams  in  the  range  bet¬ 
ween  2-25  MPa,  determined  by  using  Crawford  measurements  at  -40  "C,  +20  °C 
and  +50  °C  together  with  their  pressure  exponents  .  The  range  between  10-18 
MPa  which  is  interesting  for  the  applicational  profile  has  been  marked  by  two 
vertical  green  bars. 

In  the  case  of  the  HTPB  propellant  No.  27 A,  the  burning  rates  between  10  and 
18  MPa  combustion  chamber  pressure  lie  just  under  and  around  r  =  30  mm/s,  the 
pressure  components  between  n  =  0.4  and  0.5. 

Propellant  No.  130  is  set  to  be  very  fast  burning  due  to  the  use  of  air  jet  ground 
perchlorate.  Its  burning  rates  lie  between  r  =  52  mm/s  and  r  =  68  mm/s  with 
pressure  exponents  between  n  =  0.40  and  n  =  0.55. 

Propellant  No.  103  shows  burning  rates  between  r  =  28  -  38  mm/s  and  somewhat 
greater  unfavourable  pressure  exponents  between  n  =  0.50  to  n  =  0.65  in  the 
pressure  range  between  10  and  18  MPa.  The  high  pressure  exponents  so  far  are 
a  very  significant  disadvantage  which  limits  the  use  of  this  propeliant  to  simple 
grain  configurations. 

The  temperature  coefficients  lie  around  (nr)p  =  0.03  -  0.42  for  FTS  27  A  and  for 
FTS  No.  130  around  (nr)p  =  0.10-0.22. 

6.  Evaluation  of  property  profiles 

In  this  section  we  will  try  and  compare  the  differences  and  limits  of  the  system 
properties  performance,  burning  behaviour,  signature  and  mechanical  proper¬ 
ties  of  the  propellants  and  to  evaluate  them  for  the  application  in  high  accelera¬ 
ting  missiles. 
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The  specific  impulse  of  the  AP/HTPB  propellant  No.  27A  can  be  increased  by  in¬ 
creasing  its  filler  content,  however,  if  high  burning  rates  are  required,  it  very 
quickly  reaches  the  limits  of  processability  in  the  casting  process.  In  the  case  of 
the  HTPB  representative,  greater  burning  rates,  such  as  for  example  are  exhibi¬ 
ted  from  propellant  No.  130,  are  frequently  achieved  with  a  reduction  in  per¬ 
formance.  The  formulation  described  therefore  represents  a  compromise  bet¬ 
ween  a  high  specific  impulse  and  a  sufficiently  high  burning  rate.  With  regard  to 
the  latter  property  it  cannot  strike  the  other  two  propellants  No.  130  and  No. 
103.  Instead  its  advantages  lie  in  its  high  chemical  stability,  lack  of  detonation 
sensitivity  and  good  mechanical  properties  which  can  be  improved  compared  to 
the  values  shown  here  for  tensile  strength,  elongation  at  break  and  E-module. 
This  makes  the  propellant  accessible  for  high  stress  applications  in  the  HFK  sec¬ 
tor. 

Because  of  the  lower  solids  loading  necessary,  propellant  No.  130  has  the  grea¬ 
test  burning  rates  in  combination  with  good  specific  impulse  values  when  com¬ 
pared  to  the  other  systems.  It  seems  possible  that  its  performance  can  be  in¬ 
creased  with  the  use  of  high  energy  nitrateesters  but  this  may  be  accompanied 
by  a  decrease  in  chemical  stability  and  probably  makes  it  necessary  to  add  per¬ 
formance  reducing,  stabilising  additives. 

The  disadvantage  of  this  propellant  type  is  the  coupling  of  a  high  specific  impul¬ 
se  with  high  proportions  of  energetic  nitrateester  plasticizers.  This  increases  the 
sensitivity  of  the  propellant,  the  tensile  strength  and  E-module  values  are  redu¬ 
ced.  This  type  of  propellant  can  release  a  great  deal  of  energy  in  a  very  short 
period  of  time  due  to  its  high  burning  rate,  but  it  is  bound  in  its  application  to 
simple,  less  strained  grain  configurations.  Compared  to  the  HTPB  propellant, 
propellant  No.  130  has  approximately  one  third  less  hydrochloric  acid  in  its  ex¬ 
haust  gases,  but  still  has  a  secondary  signature  which  is  very  dependent  on  air 
humidity. 

Propeliant  No.  103  shows  that  it  is  possible  to  limit  the  perchlorate  proportion  in 
the  propellant  to  20%,  to  reduce  the  proportion  of  hydrochloric  acid  in  the  ex¬ 
haust  gases  to  the  AGARD  B  classification  and  to  combine  good  performance 
and  high  burning  rates  in  one  formulation.  However,  as  the  perchlorate  propor- 
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tion  cannot  be  increased  without  increasing  the  secondary  signature,  the  bur¬ 
ning  rates  achieved  for  propellant  FTS  No.  103  represent  the  maximum  for  this 
type  of  propellant.  The  disadvantage  of  the  propellant  representative  described 
here  consists  of  the  high  pressure  exponents,  which  prevent  its  use  in  complex 
grain  designs  demanding  a  pretentious  combustion  behaviour.  However,  it 
should  be  possible  to  develop  this  propellant  system  further  and  to  improve  its 
combustion  properties. 

Further  possibilities  of  improving  the  performance  have  so  far  only  been  pos¬ 
sible  by  increasing  the  specific  impulse  with  energy  rich  nitrateesters  which  bring 
with  it  new  problems  regarding  chemical  stability  and  sensitivity.  Increasing  the 
solids  loading  does  not  seem  possible,  because  ingredients  with  coarser  particles 

i 

must  be  used  to  maintain  castability  of  the  propellant  in  the  slurry  casting 
process.  Use  of  AP  or  HMX  with  greater  particle  size  will  however  decrease  the 
burning  rates  (with  coarser  AP)  or  increase  the  pressure  exponents  (with  coarser 
HMX). 

7.  Conclusion 

The  observation  and  evaluation  of  the  properties  have  shown  that  the  smoke 
reduced  composite  propellants  presented  here  can  be  used  to  drive  high  acce¬ 
lerating  missiles  if  the  grain  configuration  is  compatible  with  the  specific 
properties  of  the  propellant.  Compared  to  highly  filled  composite  propellants 
containing  aluminium,  they  have  an  approximately  5  %  lower  specific  impulse, 
but  the  production  of  primary  smoke  is  significantly  reduced  and  the  transmissi¬ 
on  of  the  exhaust  plume  is  greater.  For  the  system  with  the  least  smoke  pro¬ 
duction  the  perchlorate  proportion  has  been  reduced  to  20%  and  the  HCI  pro¬ 
portion  in  the  plume  has  been  reduced  to  one  fifth  of  that  of  the  AP/HTPB  com¬ 
posite  propellant.  On  the  battle  field  this  improves  protection  and  camouflage 
of  the  launching  location  significantly  and  should  enable  active  command  gui¬ 
dance. 
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Tables  and  Figures 


Table  1: 

Selected  propellant  formulations. 


Nr.27A 

Nr.130 

Nr.103 

Ammoniumperchlorate  200|jm/8pm 

86.00  % 

HTPB-Binder  (R  45  M  /  IPDI  /  DOA) 

12.00% 

Burning  rate  catalyst 

2.00% 

Ammoniumperchlorate  30pm/2pm 

58.00  % 

Trimethylolethanetrinitrate  (TMETN) 

30.00  % 

PU-Binder 

10.50% 

Burning  rate  catalyst 

1.5% 

Ammoniumperchlorate  2pm 

20.00% 

Octogen  11pm 

45.50% 

GAP/N100  (NCO/OH=1.00) 

12.00% 

T  rimethylolethanetrinitrate  (TMETN) 

18.00% 

Burning  rate  catalyst 

4.50% 

hfkpost98.doc  11,05,98 
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Table  2: 

Calculated  thermodynamical  properties 


Thermodvnamic  Prooerties 
(Exoansion  Ratio  70:1) 

Nr.27A 

Nr.130 

Nr.103 

Spec.  Impulse  Isp.eo  in  Ns/kg 

2431 

2435 

2422 

Spec.  Impulse  lsp.Fn  in  Ns/kg 

2368 

2383 

2391 

Vol.Spec.  Impulse 

Isp.EQ  *p  in  Ns/dm’ 

4174 

3970 

4239 

Vol.Spec.  Impulse 

Isp.Ffi  *P  in  Ns/dm^ 

4065 

3884 

4184 

Char.  Velocity  c*  in  m/s 

1489 

1491 

1516 

Density  ptheor  in  g/cm® 

1.72 

1.63 

1.75 

Temperature  Tc  in  K 

3003 

2865 

2925 

Adiabatic  Coeff. 

1.208 

1.217 

1.234 

Mean  Molecular  Weight  in  g/mol 

26.59 

25.21 

24.47 

Oxygen  Balance  in  % 

-6.42 

-16.93 

-25.74 

Table  3: 

Calculated  reaction  products  after  expansion. 


Nr57A 

Nr.130 

Nr.103 

Reaction  Products  Nozzle 

Mol% 

Ma% 

Mol% 

Ma% 

Mol% 

Ma% 

CO2 

16.27 

26.38 

20.01 

32.36 

10.94 

19.63 

H2O 

43.23 

28.69 

38.20 

25.27 

20.71 

15.21 

N2 

10.12 

10.48 

11.83 

12.18 

23.85 

27.24 

CO 

5.60 

5.79 

9.59 

9.87 

22.78 

26.01 

H2 

5.30 

0.39 

6.29 

0.47 

16.69 

1.37 

HCI 

18.84 

25.32 

13.43 

18.00 

3.75 

5.57 

FeCl2  G 

0.51 

2.38 

0.21 

1.10 

FeCl2  L 

FeO  S 

0.71 

2.07 

Cr203  S 

0.18 

0.99 

Cu  L 

0.17 

0.41 

MgO  S 

0.30 

0.45 

Zr02 

0.13 

0.60 

0.36 

1.79 

hfkpost98.doc  1 1 .05.98 
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Table  4: 

Processing  viscosity,  mechanical  properties.glass  transition  temperature  and 
chemical  stability  of  the  selected  propellant  formulations _ _ 


Nr.27A 

Nr. 130 

Nr.103 

Processinq  Viscosity 

112  Pas 

84  Pas 

184  Pas 

(+60°C) 

(+30°C) 

(+30°C) 

Mechanicai  Prooerties 
rsomm/mint 

-  40°  C  Tensiie  strenght 

1 

1 

o  in  N/mm* 

2.01 

2.56 

2.92 

Elongation  e  in  % 

31.7 

>200 

35.3 

Modulus  E  in  N/min^ 

50.4 

13.5 

51.39 

+20°  C  Tensile  strenght 

a  in  N/mm^ 

0.64 

0.63 

0.65 

Elongation  e  in  % 

19.5 

>300 

39.5 

Modulus  E  in  N/mm^ 

5.59 

0.57 

6.43 

+  50°  C  Tensile  strenght 

a  in  N/mm* 

0.59 

>0.35 

0.54 

Elongation  e  in  % 

16.9 

>300 

29.3 

Modulus  E  in  N/mm‘ 

5.20 

0.57 

5.67 

Glass  Transition  Temoerature 

-79°C 

-61  °C 

-57  °C 

Chemical  Stability: 

Weight  Loss  :  (105  °C  /  8-72h) 

0.01  % 

0.33  % 

0.63  % 

Gasevaluation:  (40h  / 100  °C) 

0.02  ml/g 

1.04  ml/g 

1.44  ml/g 

Deflagration  Temperature  (20°C/min) 

256  °C 

185  °C 

188  °C 

Table  5: 

Mechanical  sensitivity,  safety-  and  signatureclassification 


Nr.27A 

Nr. 130 

Nr.103 

Safety  Datas 

Impact  Sensitivity 

7.5  Nm 

4  Nm 

3  Nm 

Friction  Sensitivity 

24  N 

40  N 

40  N 

Safety  Classification 

Class  1.3 

Class  1.1 

Class  1 .1 

Sianature  Classification 

Primary  AGARDP 

B 

A 

B 

Secondary  AGARDS 

C 

C 

B 

hfkport98t.doc  11.05.98 
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Isocurves  of  the  specific  impulse  in  Ns/kg  at  an  expansion  ratio  of  70:1  for  the 
AP/HMX/HTPB  propellant  system. 


Burning  rates  and  pressure  exponents  for  the  AP/HTPB-propellant  Nr.  27A 


hfkpost98t.doc  11.05.98 
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IMPROVING  THE  ELONGATION  CAPABILITY  OF 
HTPB-BASED  COMPOSITE  PROPELLANT 


Gideon  J.  J.  Steyn  and  Gideon  J.  van  Zyl 


Somchem,  Division  of  Denel  (Pty)Ltd 
P.O.  Box  187,  Somerset  West,  7129 
South  Africa 


Abstract 

The  elongation  capability  of  composite  propellants  plays  an  important  role  in  the  design  of 
case-bonded  end-burning  solid  propellant  grains,  as  well  as  propellant  grains  with  small 
inner  bore  diameters.  This  investigation  focused  on  improving  the  elongation  capability  of 
a  baseline  HTPB-based  composite  propellant.  A  certain  ratio  of  a  tri-functional  crosslinking 
agent  (trimethylol  propane)  and  a  chain  terminator  (1-decanol),  as  well  as  a  low 
polymer/curing  agent  ratio  improved  the  elongation  capability  of  the  baseline  propellant 
significantly.  Results  also  indicate  that  propellant  cured  with  the  aliphatic  curing  agent 
dimeryl  diisocyanate  (DDI)  have  better  elongation  capabilities  than  corresponding 
propellants  cured  with  the  cyclic  curing  agent  isophorone  diisocyanate  (IPDI).  The  tri- 
fiinctional  isocyanate  curing  agent  Desmodur  NlOO  was  also  part  of  the  planned 
investigation,  but  due  to  the  much  shorter  pot  life  of  the  NlOO  cured  propellants,  these 
propellants  could  not  be  processed  and  was  subsequently  not  investigated. 
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1.  Introduction 

For  more  than  twenty  years,  since  the  early  seventies,  composite  propellants  based  on  the 
hydroxy  terminated  polybutadiene  resin,  HTPB,  have  been  the  state  of  the  art  propellants 
for  solid  rocket  motors.  One  of  the  several  advantages  of  propellants  based  on  HTPB  is  the 
superior  mechanical  properties  of  such  propellants.  The  mechanical  properties  of  HTPB- 
based  composite  propellants  are  a  function  of  the  properties  of  the  HTPB  prepolymer  i.e. 
molecular  weight,  hydroxyl  value,  functionality,  etc.  Selection  of  a  proper  curing  agent  to 
form  the  three-dimensional  binder  network  is  also  essential.  Other  ingredients  such  as 
bonding  agents  and  plasticisers  are  normally  included  in  the  binder  and  are  also  beneficial 
in  improving  the  propellant  mechanical  properties. 

The  range  of  available  mechanical  properties  of  composite  propellants  based  on  these  basic 
ingredients  is  limited  between  certain  boundaries,  which,  unless  the  binder  _  system  is 
modified,  is  fixed.  Varying  the  molecular  weight  of  the  prepolymer  and  the  crosslink 
density  can  induce  drastic  changes  in  the  properties  of  the  elastomer.  Adjusting  the  ratio 
between  various  crosslinking  agents  can  vary  average  molecular  weight  between  crosslinks. 
Depending  on  the  number  of  functional  OH  groups  of  the  compound,  these  crosslinking 
agents  can  be  divided  into  the  following  groups*''^’^': 

•  Crosslinkers,  which  are  trifunctional  alcohols  like  trimethylol  propane  (TMP), 
1 ,2,6-hexanetriol  and  glycerol. 

•  Chain-extenders,  which  are  difunctional  alcohols  like  butanediol. 

•  Chain  terminators,  which  are  monofunctional  alcohols  like  1-decanol  (DEC). 

The  essential  requirement  of  composite  propellants  suitable  for  case-bonded  end-burner 
configurations  or  configurations  with  small  inner  bore  diameters  are  high  strain  capabilities 
with  moderately  high  tensile  strengths'^’.  The  objective  of  this  investigation  was  to 
investigate  to  what  limits  the  strain  capability  of  a  chosen  baseline  propellant  can  be 
improved  without  substantially  decreasing  the  tensile  strength. 

There  are  three  basic  characteristics  of  the  polymer  network  which  determine  along  with 
two  other  factors  the  mechanical  properties  of  the  propellant'^'.  These  characteristics  are  (1) 
the  degree  of  chain  extension  (2)  the  degree  of  chain  branching  and  (3)  the  degree  of  chain 
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termination.  Two  other  factors,  (1)  the  degrees  of  freedom  (or  flexibility)  of  the  basic 
polymer  chain  and  (2)  the  concentration  and  type  of  non-network  material  (plasticisers  and 
bonding  agents),  also  have  an  effect  on  the  mechanical  properties  of  the  propellant.  Two 
different  approaches  were  followed  in  this  investigation  to  improve  the  elongation 
capability  of  the  baseline  propellant.  The  first  approach  was  systematic  variation  of  the 
trifunctional  crosslinker  (TMP)  and  the  monofimctional  chain  terminator  (DEC) 
concentrations  to  vary  the  extent  of  chain  extension,  chain  branching  and  chain  termination. 
The  crosslinking  density  was  also  varied  by  variation  of  the  equivalence  ratio  between  the 
species  with  functional  OH  groups  (HTPB,  TMP  and  DEC)  and  the  isocyanate  curing 
agents  (the  NCO/OH  ratio). 

The  second  approach  was  evaluation  of  the  two  difunctional  isocyanate  curing  agents,  IPDI 
and  DDI,  as  well  as  the  trifiinctional  curing  agent  Desmodur  NIOO. 


H3C  CH:— N=C=0 


0=C=N— (CH2)36— N=C=0 


Isophorone  diisocyanate 


Dimeryl  diisocyanate 


?  V 

^C-N— (CH2)6— N=C=0 
0=C=N-(CH2)6-N^ 

j|:-tjl-(CH2)6-N=C=0 
O  H 

Desmodur  N 1 00 

The  main  difference  between  the  two  difunctional  curing  agents  is  that  DDI  has  a  long 
chain  molecular  structure  and  that  IPDI  is  a  cyclic  molecule.  The  chain  length  between  the 
two  isocyanate  groups  in  the  case  of  DDI  is  37  while  the  chain  length  in  IPDI  is  only  5.  In 
the  case  of  IPDI  the  chain  between  the  two  isocyanate  groups  forms  part  of  a  cyclohexane 
ring  and  therefor  DDI  has  theoretically  more  degrees  of  freedom  in  terms  of  parameters 
such  as  bond  rotation,  bond  angle  deformation  and  molecular  entanglement,  compared  to 
IPDI.  The  chain  length  between  the  isocyanate  groups  in  the  case  of  Desmodur  NIOO  of 
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between  16  and  18  falls  intermediate  between  that  of  IPDI  and  DDL  Desmodur  NlOO  also 
does  not  have  a  rigid  cyclic  structure  like  IPDI,  but  have  a  chain  molecular  structure  like 
DDL  Desmodur  NlOO  can  also  function  as  a  crosslinker  in  the  binder  network  due  to  the 
trifunctional  nature  of  this  curing  agent. 

2.  Experimental 

A  reduced  smoke  propellant  composition  with  a  total  solids  content  of  83.0  %  was  chosen 
as  baseline  for  this  investigation.  The  propellant  contained  a  binder  system,  a  combustion 
stabiliser  and  a  bimodal  particle  size  distribution  of  ammonium  perchlorate  as  oxidiser.  The 
baseline  binder  system  consisted  of  HTPB  and  a  curing  agent  (IPDI/DDI/DesmodurNlOO). 
The  tri-fiinctional  crosslinker  (TMP)  and/or  a  monofunctional  chain  terminator  (DEC)  were 
added  to  this  baseline  binder  system  in  different  ratios  to  manipulate  the  mechanical 
properties  of  the  propellant.  The  binder  system  also  contains  a  bonding  agent  and 
plasticiser.  The  general  formulation  of  the  baseline  propellant  is  tabulated  in  Table  1 . 


Table  1.  Baseline  reduced  smoke  propellant  composition 


Component 

Concentration  (m/m  %) 

Binder  system: 

HTPB 

TMP 

DEC 

IPDI/DDI/NIOO 

14.7 

Anti-oxidant 

0.1 

Bonding  agent 

0.3 

Plasticiser 

1.9 

Combustion  stabiliser 

1.0 

Ammonium  perchlorate 

82.0 

Pilot  plant  mixes  of  6  kg  each  were  mixed  on  a  10-Iiter  vertical  mixer.  Mechanical 
properties  were  determined  with  JANNAF  samples  at  21  °C  on  an  Instron  tensile  test 
apparatus.  End-of-mix  viscosities  at  60  °C  were  determined  on  a  Brookfield  viscometer. 
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3.  Results  and  Discussion 

3.1  Propellant  cured  with  IPDI 

The  binder  compositions  of  the  propellant  cured  with  IPDI  with  their  respective  properties 
are  tabulated  in  Table  2.  The  relative  concentrations  of  species  that  contains  functional  OH- 
groups  (HTPB,  TMP  and  DEC)  are  expressed  in  terms  of  percentage  values. 


Table  2.  Binder  compositions  and  mechanical  properties  of  propellant  cured  with  IPDI 


No. 

HTPB 

-OH 

(%) 

TMP- 

OH 

(%) 

DEC- 

OH 

(%) 

(MPa) 

(%) 

IPDI/l 

0.80 

100 

- 

- 

1.02 

43 

48 

5.1 

IPDI/2 

0.70 

90 

10 

- 

0.87 

64 

68 

2.6 

IPDI/3 

0.75 

90 

10 

- 

1.07 

44 

50 

4.5 

IPDI/4 

0.80 

90 

10 

- 

1.18 

28 

33 

8.8 

IPDI/5 

0.70 

80 

20 

1.05 

59 

64 

3.5 

IPDI/6 

0.75 

80 

20 

1.34 

38 

40 

6.6 

IPDI/7 

0.80 

80 

20 

- 

1.43 

28 

31 

9.7 

IPDI/8 

0.85 

80 

20 

- 

1.41 

24 

27 

10.9 

IPDI/9 

0.70 

80 

15 

5 

0.60 

71 

83 

1.4 

IPDI/IO 

0.75 

80 

15 

5 

0.99 

65 

71 

2.7 

IPDI/l  1 

0.80 

80 

15 

5 

1.22 

56 

61 

4.8 

IPDI/12 

0.75 

80 

10 

10 

0.24 

86 

III 

0.72 

IPDI/l  3 

0.70 

75 

20 

5 

0.57 

72 

83 

1.3 

IPDI/14 

0.75 

75 

20 

5 

0.56 

80 

101 

1.3 

IPDI/ 15 

0.75 

75 

15 

10 

0.26 

107 

163 

I.l 

IPDI/l  6 

0.75 

75 

10 

15 

« 

* 

♦ 

IPDI/l  7 

0.75 

70 

25 

5 

0.91 

71 

75  . 

2.1 

IPDI/l  8 

0.75 

70 

20 

10 

0.24 

105 

154 

0.82 

IPDI/19 

0.75 

70 

15 

15 

* 

* 

* 

*  NCO/OH  ratio  was  loo  low  to  cure  the  propellant  property 


The  baseline  propellant  where  the  binder  was  not  modified  is  represented  by  formulation 
IPDI/l .  It  was  decided  that  all  propellants  developed  as  part  of  this  investigation  must  have 
a  tensile  strength  of  between  0.8  and  1.0  MPa.  The  baseline  propellant  conforms  to  this 
requirement. 

The  second  (IPDI/2  to  IPDl/4)  and  third  (IPDI/5  to  IPDl/8)  data  sets  in  Table  1  represent 
formulations  where  the  crosslinking  density  was  increased  by  inclusion  of  the  crosslinker 
TMP.  The  effect  of  increasing  TMP  concentration  at  various  NCO/OH  ratios  on  the  tensile 
strength  and  elongation  of  the  propellant  are  represented  graphically  in  Figures  1  and  2 
respectively.  At  the  same  NCO/OH  ratio,  the  tensile  strength  increases  while  the  elongation 
decreases  with  increasing  TMP  concentration.  This  trend  is  expected  since  inclusion  of 
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TMP  in  the  binder  system  increases  the  crosslinking  density  and  leads  to  the  formation  of  a 
more  rigid  polymer’'*’. 


Figure  I.  Relationship  between  Tensile  Strength  and  TMP  concentration  at  various  NCO/OH  ratios. 
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In  spite  of  this  observed  trend,  it  is  also  interesting  to  note  that  the  elongation  capability  of 
the  propellant  can  be  improved  by  inclusion  of  TMP,  while  maintaining  the  required  tensile 
strength.  The  tensile  strengths  of  both  formulations  IPDI/2  and  IPDI/5  conform  to  the 
requirement  of  0.9  +  0.1  MPa,  but  the  strain  capabilities  of  both  these  propellant 
compositions  are  substantially  higher  than  that  of  the  baseline  propellant.  The  NCO/OH 
ratio  has  to  be  lowered  substantially,  from  0.80  to  0.70,  to  achieve  this  goal.  These  results 
are  in  line  with  those  of  Marsh  and  Udlock''’’  where  it  was  found  that  a  combination  of  low 
crosslink  density  with  flexible  chains  leads  to  a  highly  extensible  rubber. 

The  last  five  data  sets  (IPDI/9  to  IPDI/19)  in  Table  1  represent  different  combinations  of 
the  trifunctional  crosslinker  (TMP)  and  the  monofunctional  chain  terminator  (DEC).  A 
large  amount  of  chain  termination  interferes  completely  with  formation  of  a  network 
polymer.  In  the  case  where  a  small  amount  of  chain  termination  exists,  a  network  polymer 
is  still  produced,  but  there  is  a  proportion  of  non-crosslinked  branches.  The  main  objective 
is  to  increase  chain  extension  at  the  expense  of  crosslinking.  The  effect  of  chain  termination 
on  the  tensile  strength  and  elongation,  at  a  fixed  NCO/OH  ratio  of  0.75,  is  graphically 
represented  in  Figures  3  and  4  respectively. 


Figure  3.  Relationship  between  Tensile  Strength  and  TMP  concentration  at  various  DEC  concentrations. 


Figure  4.  Relationship  between  Elongation  and  TMP  concentration  at  various  DEC  concentrations. 

The  delicate  balance  between  desired  degree  of  crosslinking  and  chain  termination  is 
evident  when  comparing  the  results  of  formulations  containing  5  and  10  %  DEC-OH 
respectively.  The  inclusion  of  5  %  DEC-OH  has  a  small  decreasing  effect  on  the  tensile 
strength  (IPDI/10  and  IPDI/17),  while  the  elongation  capability  increased  substantially  with 
more  than  20  %  when  compared  to  that  of  formulations  containing  only  TMP.  When 
comparing  the  mechanical  properties  of  these  two  propellant  compositions  with  that  of  the 
baseline  propellant  (IPDI/1),  it  is  evident  that  the  required  tensile  strength  (0.9  ±  0.1  MPa) 
is  achieved  by  both  formulations,  but  with  substantially  higher  elongation  capabilities. 

It  is  also  clear  that  when  the  DEC-OH  is  increased  from  5  to  10  %,  the  extent  of  chain 
termination  is  so  large  that  it  almost  prevents  the  formation  of  a  three-dimensional  polymer 
network.  The  result  is  a  polymer  with  unacceptably  low  tensile  strength  and  but  high 
elongation  capability  (IPDI/12,  IPDI/I5  and  IPDI/1 8).  Increasing  the  NCO/OH  ratio  higher 
than  0.75  will  help  to  increase  the  tensile  strength,  while  maintaining  good  elongation 
capabilities. 


92-9 


3.2  Propellant  cured  with  DDI 

The  binder  compositions  of  the  propellant  cured  with  DDI  with  their  respective  properties 
are  tabulated  in  Table  3. 


Table  3.  Binder  compositions  and  mechanical  properties  of  propellant  cured  with  DDI 


No. 

NCO/OH- 

ratio 

HTPB- 

OH 

(%) 

TMP- 

OH 

(%) 

DEC- 

OH 

(%) 

On, 

(MPa) 

(%) 

DDl/1 

0.8 

100 

0 

0 

1.02 

60 

65 

3.2 

DDI/2 

0.8 

87.5 

12.5 

0 

III 

39 

40 

4.8 

DDl/3 

0.7 

80 

20 

0 

0.696 

83 

94 

1.6 

DDI/4 

0.75 

80 

20 

0 

1.26 

55 

58 

4.2 

DDI/5 

0.8 

80 

20 

0 

1.28 

30 

34 

DDI/6 

0.85 

80 

20 

0 

1.39 

30 

35 

8.8 

DDI/7 

0.7 

80 

15 

5 

0.16 

116 

185 

0.60 

DDI/8 

0.75 

80 

15 

5 

0.41 

87 

107 

0.76 

DDI/9 

0.8 

80 

15 

5 

1.02 

69 

77 

2.7 

DDI/10 

0.85 

80 

15 

5 

1.19 

33 

41 

5.7 

DDI/1 1 

0.8 

70 

25 

5 

1.14 

47 

51 

4.3 

DDI/12 

0.8 

75 

20 

5 

1.05 

66 

70 

2.9 

DDI/13 

0.8 

77.5 

17.5 

5 

0.98 

72 

81 

2.4 

DDI/ 14 

0.8 

80 

15 

5 

1.02 

69 

77 

2.7 

DDI/1 5 

0.8 

85 

10 

5 

0.931) 

73 

80 

2.3 

DDI/1 6 

0.8 

72.5 

20 

1.13 

61 

63 

3.2 

DDI/ 17 

0.8 

75 

17.5 

7.5 

0.63 

84 

91 

1.3 

DDI/ 18 

0.8 

77.5 

15 

warn 

0.76 

79 

84 

1.7 

DDI/1 9 

0.8 

70 

20 

to 

0.62 

87 

96 

1.2 

DDI/20 

0.8 

72.5 

17.5 

10 

0.67 

79 

83 

1.3 

DDI/2 1 

0.8 

75 

15 

10 

1.17 

49 

50 

3.7 

DDI/22 

0.8 

80 

10 

10 

0.48 

100 

113 

0.82 

DDI/23 

0.8 

70 

15 

15 

0.50 

86 

99 

0.95 

The  relationship  between  the  mechanical  properties  and  increasing  TMP-OH  at  different 
DEC-OH  values  is  represented  in  Figures  5  and  6  respectively.  The  NCO/OH  ratio  of  all 
formulations  was  held  constant  on  0.80.  Similar  to  the  IPDI  formulations  an  almost  linear 
trend  is  observed  between  the  mechanical  property  (tensile  strength  and  elongation)  and 
increasing  concentrations  of  the  crosslinker  TMP.  This  linear  trend  is  also  observed  when 
the  chain  terminator  DEC  is  added  in  5  and  10  %  quantities.  It  is  also  obvious  that  the 
effects  of  crosslinking  and  chain  termination  by  the  inclusion  of  varying  quantities  of  TMP 
and  DEC  in  the  DDI  cured  formulations,  are  similar  to  those  observed  in  the  IPDI  cured 
formulations.  A  small  degree  of  chain  termination  (5  %  DEC-OH)  accompanied  by  chain 
branching  and  chain  extension  by  the  inclusion  of  10  to  20  %  TMP,  forms  a  polymer 
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network  with  suitable  tensile  strength  and  excellent  elongation  capabilities  (DDI/12  to 
DDI/15). 


Figure  S.  Relationship  between  Tensile  Strength  and  TMP  concentration  at  various  DEC  concentrations 


Figure  6.  Relationship  between  Elongation  and  TMP  concentration  at  various  DEC  concentrations 
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The  mechanical  properties  of  the  latter  formulations  are  also  superior  to  that  of  the  baseline 
propellant  (DDI/1),  which  does  not  contain  any  TMP  or  DEC.  The  required  tensile  strength 
of  0.9  ±  0.1  MPa  is  achieved,  but  the  elongation  capabilities  are  improved  by  between  10 
and  1 5  %.  As  is  the  case  with  the  IPDI  cured  formulations,  it  is  obvious  that  increasing  the 
concentration  of  the  chain  terminator  DEC  to  more  than  5  %,  prevents  the  formation  of  a 
suitable  network  polymer,  due  to  the  high  degree  of  chain  termination.  The  result  is  a 
polymer  with  high  elongation  capabilities,  but  unsuitably  low  tensile  strengths  (DDI/1 7  to 
DDI/23). 

3.3  Comparison  between  propellants  cured  with  IPDI  and  DDI  respectively 

The  effect  of  the  two  different  curing  agents,  IPDI  and  DDI,  on  the  mechanical  properties 
of  formulations  containing  similar  quantities  of  HTPB,  TMP  and  DEC  respectively,  is 
represented  graphically  in  Figures  7  and  8  respectively. 
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Figure  7.  Relationship  between  Tensile  strength  and  IWCO/OH  ratio  for  IPDI  and  DDI  cured  propellants 
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Figure  S.  Relationship  between  Elongation  and  NCO/OH  ratio  for  IPDI  and  DDl  cured  propellants 

The  same  trend  is  observed  at  all  NCO/OH  ratios  and  for  both  formulations,  the  one 
containing  20  %  TMP-OH,  as  well  as  the  one  containing  15  %  TMP-OH  and  5  %  DEC- 
OH.  The  tensile  strength  of  the  formulation  cured  with  IPDI  is  in  every  case  higher  than  the 
corresponding  DDI  cured  formulation.  The  elongation  capabilities  of  the  DDI  cured 
formulations  are  however  better  than  the  corresponding  IPDI  cured  formulations. 

The  benefit  of  using  DDI  as  curing  agent  provides  two  essential  characteristics  to  the 
polymer  network  that  is  beneficial  for  better  elongation  capabilities.  The  long  chain 
molecular  structure  of  the  DDI  molecule  serves  as  chain  extender  in  the  polymer  network, 
which  as  discussed  earlier,  improves  the  elongation  capability  of  the  polymer  network.  The 
other  important  characteristic  of  the  DDI  molecule  is  that  is  has  substantially  more  degrees 
of  freedom  (more  flexibility)  when  compared  to  the  rigid  cyclic  structure  of  the  much 
shorter  IPDI  molecule.  Using  DDI  in  the  polymer  network  has  the  advantage  of  providing 
chain  extension  while  simultaneously  providing  more  degrees  of  freedom  to  the  network. 

3.4  Propellant  cured  with  Desmodur  N100 

One  of  the  initial  objectives  of  this  investigation  was  to  evaluate  the  trifunctional  curing 
agent  Desmodur  NIOO.  The  potential  benefit  of  using  Desmodur  NlOO  is  that  the 
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trifunctional  isocyanate  will  also  function  as  crosslinker  and  in  combination  with  TMP 
and/or  DEC  may  provide  interesting  results.  Unfortunately,  it  was  not  possible  to  process 
the  Desmodur  N 1 00  propellant  batches  due  to  the  short  pot  life  of  these  formulations.  An 
attempt  to  improve  the  pot  life  by  excluding  the  combustion  stabiliser  was  fruitless. 
Inclusion  of  a  pot  life  extender  was  also  unsuccessful  in  improving  the  pot  life.  One 
explanation  for  the  short  pot  life  of  the  Desmodur  N 100  formulations  is  that  this  isocyanate 
compound  is  more  reactive  towards  the  alcohol  species  in  formation  of  urethane  than  either 
IPDI  or  DDL 

4.  Conclusions 

This  investigation  proved  that  it  is  possible  to  improve  the  elongation  capability  of  HTPB- 
based  propellants  by  manipulating  the  degree  of  chain  extension  and  crosslinking  in  the 
polymer  network.  This  is  done  by  incorporating  crosslinkers  such  as  TMP  as  well  as  chain 
terminators  such  as  DEC  in  the  binder  of  the  propellant.  The  best  results  are  obtained  with  a 
small  degree  of  chain  termination  (DEC-OH  =  5  %)  and  a  moderate  degree  of  crosslinking 
(TMP-OH  =  10  to  20  %).  Less  than  stoichiometric  quantities  of  the  isocyanate  curing  agent 
(lower  NCO/OH  ratios)  which  produces  a  lower  crosslinking  density  is  also  beneficial  in 
obtaining  propellant  with  better  elongation  capabilities.  The  target  tensile  strength  of  0.8  to 
1.0  MPa  can  be  achieved,  but  the  elongation  capabilities  of  propellants  with  the  modified 
binder  systems  are  between  10  and  30  percent  higher  than  those  of  the  two  baseline 
propellant  compositions. 

The  curing  agent  also  affects  the  elongation  capability  of  the  propellant.  A  curing  agent 
with  a  long  chain  molecular  structure  and  more  degrees  of  freedom  like  DDI  produces  a 
polymer  network  with  better  elongation  capabilities  than  one  cured  with  IPDI.  IPDI  is  a 
cyclic  more  rigid  molecule  with  a  very  short  chain  length  between  the  two  isocyanate 
groups.  The  trifunctional  curing  agent  Desmodur  NlOO  could  not  be  evaluated  due  to  the 
short  pot  life  of  these  formulations. 
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Symbols 

and  Abbreviations 

HTPB 

= 

Hydroxy-terminated  polybutadiene 

TMP 

= 

Trimethylol  propane 

DEC 

= 

1-Decanol 

IPDI 

= 

Isophorone  diisocyanate 

DDI 

= 

Dimeryl  diisocyanate 

NCO 

= 

NCO- value 

OH 

= 

OH-value 

HTPB-OH 

= 

Hydroxyl  groups  of  HTPB 

TMP-OH 

= 

Hydroxyl  groups  of  TMP 

DEC-OH 

= 

Hydroxyl  groups  of  DEC 

(Jm 

= 

Tensile  strength 

= 

Elongation  at  maximum  stress 

£br 

= 

Elongation  at  break 

Y„ 

= 

Young’s  modulus 
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Use  orBiitacene  In  Composite  Propellant 


Ferrocene  derivatives  are  well  known  as  effective  burning  rate  catalysts  for  solid  compo^te 
propellants  ba:  cd  on  ammonium  perchlorate  and  hydroxy-terminated  polybutadiene  (HTP6) , 
both  with  and  ’  vithout  aluminium.  Low  molecular  mass  ferrocencs  such  as  2,2-bis(ethyl 
ibrroccnyl)pro]  >ane  (Catocene)  are  relatively  volatiie  and  introduce  additional  hazards  during 
propellant  manufiteture.  They  also  tend  to  migrate  to  the  charge  surface  and  to  promote 
atmospheric  o)  idation  during  storage,  thus  reducing  the  life  of  the  propellant  due  to  the 
development  o '  inconsistent  burning  rates,  reduced  strain  capability,  and  increased 
sensitiveness.  , 


Butacene  is  a  fijirrocen^  hydroxy  functional  polymer  based  on  HTPB  (R4SM  grade) 
mamifhauied  l^y  SNPE,  which  is  non-volatile  and  migration  &ee.  This  paper  reviews  work 
conducted  at  Royal  Ordnance  Rocket  Motors  on  a  range  Of  formulations  containing  various 
levels  ofButacMe.  Results  are  presented  coveriiig  the  following  aspects. 


1. 

2. 

3. 

4. 

5. 

6. 


Dptimisation  of  processability  through  the  use  of  polymer  blends  and 
processing  aids. 

Sensitiveness  testing  of  Butacene  propellants. 

'  The  effect  of  Butacene  on  burning  rates  compared  to  other  iron  compounds. 
‘  The  effect  of  Butacene  on  the  temperature  sensitivity  of  burning  rate. 

'  rhe  effect  of  Butacene  on  mechanical  properties. 

'  he  relative  efficiencies  of  antioxidants  in  Butacene  propellants. 
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Properties  of  CL-20  based  High  Explosives 

H.R.  Bircher,  P.  Mader,  J.  Mathieu 

GR  Gruppe  Rustung,  Fachabteilung  Waffensysteme  und  Munition, 
Feuenwerkerstrasse  39,  CH-3600  Thun  2 


ABSTRACT 

A  new  processing  technology  for  PBX's,  called  „lsogen  Pressing",  is  described.  The 
equipment  needed  therfore,  is  a  conventional  press  and  an  adapted  pressing  tooi,  so 
that  its  implementation  can  be  reaiized  without  extensive  investments.  „lsogen  Pres¬ 
sing"  combines  the  advantages  of  high  energetic  fiiler  content  from  pressed  formuia- 
tions  with  good  mechanicai  properties  as  known  in  cast  cured  compositions.  We 
have  applied  this  technology  on  HMX  and  CL-20  based  formulations  using  the  binder 
systems  GAP  and  HTPB. 

Handling  safety  parameter  are  compared  with  other  CL-20  and  HMX  based  composi¬ 
tions,  such  and  LX-19.  Chemical  compatibility  of  the  compositions  ingredients  was 
checked  with  Micro  Caiorimetry.  The  thermal  stability  was  investigated  with  Differen- 
tiai  Scanning  Caiorimetry  (DSC).  Detonation  velocities  have  been  calculated  and 
verified  with  experimental  data. 


EINLEITUNG 

Die  Zuganglichkeit  von  neuen  Energietragem,  wie  beispielsweise  CL-20  eroffnet 
im  Bereich  von  Hochleistungssprengstoffen  die  Moglichkeit  einer  nicht  unerheblichen 
Leistungssteigerung '''®.  Auf  der  anderen  Seite  ist  man  aber  auch  bestrebt,  die  Emp- 
findlichkeit  von  Expiosivstoffen  soweit  zu  reduzieren,  dass  diese  in  entsprechenden 
Munitionsanwendungen  die  geforderten  Verarundbarkeitskriterien  (IM,  MURAT...)  er- 
fullen  Entscheidend  fur  die  Reduktion  der  Empfindlichkeit  ist,  neben  der  intrinsi- 
schen  Empfindiichkeit  des  Energietragers  und  der  Optimierung  von  Komform  und 
Komgrossenverteiiung,  auch  das  auf  den  Energietrager  abgestimmte  Bindersystem, 
bzw.  dessen  mechanische  Eigenschaften,  sowie  dessen  Kornhaftungsvermogen. 


94-2 


Kunststoffgebundene  Sprengstoffe  auf  der  Basis  von  Harz/Hartersystemen,  welche 
mit  Hilfe  der  sogenannten  „Cast-cure  Technologie"  verarbeitet  warden,  zeichnen  sich 
neben  den  meist  hervorragenden  mechanischen  Eigenschaften  auch  durch  Dichten 
aus,  welche  nahe  an  den  theoretisch  erreichbaren  liegen  (>99%  TMD).  Diese  Vortei- 
le  mussen  jedoch  durch  eine  Leistungsreduktion  erkauft  werden,  da  der  Fullgrad 
eines  Polymers  aufgrund  der  zunehmenden  Viskositat  bei  steigendem  Energietra- 
geranteil,  begrenzt  ist.  In  sehr  gut  optimierten  Systemen  konnen  Fiillgrade  von  zirka 
90%  erreicht  werden. 

Auf  der  anderen  Seite  existieren  zahlreiche  pressbare  kunststoffgebundene 
Sprengstoffformulierungen,  welche  mit  Fullgraden  von  welt  uber  90%  zwar  sehr  gute 
Leistungen  aufweisen,  deren  Dichten  jedoch,  ohne  die  Anwendung  besonderer 
Techniken,  welt  hinter  den  theoretisch  maximal  erreichbaren  nachhinken  (>95% 
TMD). 

Ziel  dieser  Arbeit  war  die  Vorteile  von  kunststoffgebundenen  Ladungen  auf  der  Basis 
von  Harz/Hartersystemen  mit  denjenigen  von  verpressten  Ladungen  zu  kombinieren, 
d.h.  eine  Technologie  zu  konzipieren,  bei  der  ein  konventionelles  Harz/Hartersystem 
bis  zu  98%  (w/w)  mit  Oktogen  Oder  CL-20  gefullt  werden  kann.  Neben  einer  ausge- 
sprochen  hohen  Leistung  (Fullgrad:  >96%,  Dichte:  >97%  TMD)  sollten  die  entspre- 
chenden  Ladungen  auch  Qber  gute  mechanische  Eigenschaften  verfiigen,  welche 
eine  spanabhebende  Nachbearbeitung  auf  einer  Drehbank  ohne  Probleme  zulassen 
sollten. 

Wie  bereits  erwahnt,  wurden  im  Hinblick  auf  die  anvisierte  Leistungsoptimierung  die 
Energietrager  Oktogen  (HMX)  und  Hexanitrohexaazaisowurtzitan  (CL-20)  verwendet. 
Als  Harz/Hartersystem  entschied  man  sich  fur  die  OH-endstandigen  Polymere  HTPB 
(inert)  bzw.  GAP  (energetisch)  und  den  Harter  Isophorondiisocyanat. 


CL-20  HMX 

Dieser  Beitrag  umfasst  sowohl  die  Beschreibung  der  Technologie  (Isogenpressen), 
welche  es  ermoglicht,  Sprengstoffe  mit  den  beschriebenen  Anforderungen  herzustel- 
len,  wie  auch  die  Diskussion  der  entsprechenden  Sprengstoffeigenschaften. 
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ISOGENPRESSEN 

Unter  dem  Begriff  „lsogenpressen“®  versteht  man  eine  Verarbeitungstechnologie,  bei 
der  in  einem  ersten  Schritt  ein  Energietrager  (HMX,  CL-20)  durch  Aufbringen  eines 
Harz/Hartersystems  zu  einem  rieselfahigen  Granulat  verarbeitet  wird.  in  einem  nach- 
sten  Schritt  erfoigt  die  Herstellung  eines  Formkorpers.  Dabei  wird  das  Granulat  bei 
erhohter  Temperatur  unter  Vakuum  verpresst  und  zugleich  ausgehartet.  Das  Binde- 
mittel  bleibt  bei  Raumtemperatur  wahrend  des  Pressvorganges  flussig  und  kann 
durch  vorgewahite  Temperaturbereiche  in  seiner  Aushartung  gesteuert  warden.  Das 
wahrend  der  Verdichtung  fliissige  Bindemittel  fuhrt  zu  einer  hohen  Dichte  und  Homo- 
genitat  der  Sprengladung.  Ein  ahniiches  Verfahren  wurde  in  einem  Patent  von 
THIOKOL^°  beschreiben,  wobei  ein  OH-endstandiges  Polymer  zuerst  durch  einen 
Isocyanatharter  zu  einem  ..Extended  Chain“-Polymer  mit  hoherem  mittlerem  Molge- 
wicht  und  hoherer  Viskositat  umgesetzt  wird.  Dieses  wird  dann  in  Losung  durch  Zu- 
gabe  eines  Antildsungsmittels  auf  das  Sprengstoffkom  aufgetragen.  das  Granulat 
getrocknet  und  verpresst.  Die  beiden  Verarbeitungsverfahren  unterscheiden  sich  in 
zwei  wesentlichen  Punkten: 

•  Beim  Isogenpressen  wird  das  gesamte  Bindersystem.  als  Gemisch  von  OH-end- 
standigem  Polymer.  Harter  und  Reaktionsbeschleuniger  durch  Abdampfen  des 
Losungsmittels  auf  das  Sprengstoffkom  aufgetragen.  Beim  THIOKOL-Verfahren 
wird  ein  bereits  vemetztes  Polymer  durch  einen  Fallungsprozess  auf  das  Korn  des 
Energietragers  gebracht. 

•  Wahrenddem  beim  Isogenpressen  das  Polymer  unter  Druck  zu  einer  Kunststoff- 
matrix  aushartet,  welche  sich  uber  den  gesamten  Presskorper  erstreckt.  warden 
beim  THIOKOL-Verfahren  die  plastischen  Eigenschaften  des  ..Extended  Chain“- 
Polymers  unter  hohem  Druck  ausgenutzt.  Dies  entspricht  der  klassischen  Funk- 
tion  von  Bindern  in  pressbaren  Formulierungen.  Zwei  wesentliche  Vorteile.  wie  die 
hohe  Adhasion  der  Bindermatrix  an  die  Kristalle  des  Energietragers  und  die  hohen 
Dichten  (%  TMD)  sind  dadurch  nicht  mehrohne  weiteres  gegeben. 

a)  Herstellung  des  Granulates 

In  einem  ersten  Schritt  wird  das  OH-endstandige  Polymer  (HTPB  R-45-M.  GAP)  bei 
Raumtemperatur  unter  massigem  Riihren  mit  einem  Reaktionsbeschleuniger  homo¬ 
gen  vermischt.  in  Aceton  aufgenommen  und  mit  einem  Harter  (IDPI)  versetzt.  Urn 
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einen  optimalen  Vernetzungsprozess  zu  gewahrleisten,  ist  darauf  zu  achten,  dass 
unter  moglichst  wasserfreien  Bedingungen  (<  0.1%  (w/w)  Wasser)  gearbeitet  warden 
kann.  Die  Binderlosung  wird  mit  Hilfe  eines  Trommelmischers  auf  die  Sprengstoffkor- 
ner  aufgebracht.  Fur  Granulate  auf  der  Basis  von  HMX  wurde  Oktogen,  welches  der 
Spezifikation  des  l\/IIL-H-45444,  Grade  B,  sowie  STANAG  4284  genugt,  verwendet. 
Das  von  uns  verwendete  CL-20  (e-Polymorph)  erfiillt  die  Anforderungen  des  entspre- 
chenden  STANAG-Entwurfs.  Die  von  uns  verwendeten  Korngrossenverteilungen 
Sind  in  Tabelle  1  dargestellt. 


HMX,  Klasse  C 

CL-20 

90% 

<  1340  [im 

<  1 34  pm 

50% 

<  460  pm 

<  35  pm 

10% 

<  90  pm 

<  6  pm 

Tabelle  1:  Korngrossenverteilungen  der  verwendeten  Energietrager 


Nach  der  Beschichtung  des  Energietragers  lasst  man  das  restliche  Losungsmittel  bei 
Raumtemperatur  unter  Vakuum  (1  mbar)  wahrend  einer  Stunde  verfliichtigen.  Das 
Granulat  wird  dabei  rieselfahig  (vgl.  Abbildung  1)  und  lasst  sich  weiterverarbeiten, 
obwohl  das  Bindemittel  auf  der  Kornoberflache  an  sich  bei  Raumtemperatur  noch 
fliissig  ist. 


Abbildung  1 :  20  fache  Vergrosserung  des  Granulates  (98%  CL-20, 2%  HTPB) 
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b)  Verpressen  des  Granulates 

Je  nach  Anwendung  kann  das  Granulat  axial  Oder  isostatisch  verpresst  und  ausge- 
hartet  werden.  Voraussetzung  ist  einzig,  dass  das  entsprechende  Presswerkzeug 
evakuier-  und  beheizbar  ist.  Die  in  dieser  Arbeit  beschriebenen  Presskorper  wurden 
schwimmend  auf  einer  Axialpresse  hergestellt,  wobei  das  entsprechende  Presswerk¬ 
zeug  uber  0-Ringdichtungen  zur  Evakuierung  des  Pressraumes  und  iiber  einen 
Heizmantel  zur  Steuerung  der  Temperatur  verfugte.  Nach  dem  Einfullen  des 
Granulates  und  dem  Aniegen  eines  Druckes  von  2000  bar  wird  die  Temperatur  des 
Presswerkzeuges  auf  80  °C  bis  85  °C  erhoht.  Dadurch  wird  der  Reaktionsbeschleu- 
niger  aktiviert  und  der  Aushartungsprozess  eingeleitet.  Die  Temperatur  wird  je  nach 
Gehalt  an  Reaktionsbeschleuniger  wahrend  einer  halben  bis  zu  zwei  Stunden  auf- 
recht  erhalten,  dann  wahrend  einer  halben  Stunde  gekuhit  und  schliesslich  der  Druck 
entlastet.  Der  Sprengkorper  liegt  nun  als  hydrophobe,  formstabile  Ladung  vor,  wel- 
che  zur  vollstandigen  Aushartung  wahrend  weiteren  72  Stunden  bei  einer  Tempera¬ 
tur  von  65  °C  unter  Normaldruck  gelagert  wird.  Die  mit  dieser  Methode  erreichten 
Dichten  sind  in  Tabelle  2  dargestellt. 


Energietrager 

Binder 

Korperdimensionen 

Dichte 

%  TMD 

Typ 

Gehalt 

<t> 

Lange 

HMX 

96% 

HTPB 

21.3  mm 

35.04  mm 

1 .789  gem'® 

98.1  % 

HMX 

98% 

HTPB 

21.3  mm 

15.03  mm 

1.812  gem'® 

97.3  % 

HMX 

96% 

GAP 

21.3  mm 

15.03  mm 

1.822  gem® 

97.6  % 

HMX 

98% 

GAP 

21.3  mm 

15.03  mm 

1.831  gem® 

97.2  % 

CL-20 

98% 

HTPB 

21.3  mm 

15.60  mm 

1 .943  gem'® 

97.4  % 

CL-20 

98% 

GAP 

21.3  mm 

15.48  mm 

1 .964  gem'® 

97.4  % 

Tabelle  2:  Dichten  von  isogengefertigten  Presskorpern 


Die  Oberflache  der  mit  dem  Isogenverfahren  gefertigten  Presskorper  erscheint  aus- 
serst  homogen  und  glatt.  Die  maschinelle  Nachbearbeitung  auf  einer  Drehbank  ist 
aufgrund  der  sehr  kompakten  und  homogenen  Struktur  problemlos  moglich.  Die  Ab- 
bildung  2  zeigt  einen  mit  Hilfe  der  Isogentechnik  hergestellten  Presskorper  (links)  im 
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Vergleich  mit  einem  Pressling  auf  der  Basis  von  Oktastit  VIII.  Die  unterschiedlichen 
Oberflachen  sind  offensichtlich. 


Abbildung  2:  Oberflache  von  isogen  (links)  und  konventionell  (rechts)  gepressten 
Sprengstoffkdrpern  in  10-facher  Vergrosserung 


VERTRAGLICHKEIT 

Die  chemische  Vertraglichkeit  der  Komponenten  von  Oktogensprengstoffen  auf  der 
Basis  von  HTPB  und  GAP  wurde  bereits  in  fruheren  Untersuchungen  nachgewiesen. 
Obwohl  aufgrund  der  Nitraminfunktionalitat  von  CL-20  keine  Inkompatibilitaten  mit 
den  verwendeten  Binderbestandteilen  zu  erwarten  sind,  wurden  zur  Sicherstellung 
der  Vertraglichkeit  mikrokalorimetrische  Messungen  durchgefuhrt. 

Dazu  wurde  der  Warmefluss  eines  Gramms  des  jeweiligen  Sprengstoffes  bei  einer 
Temperatur  von  70  °C  wahrend  eines  Zeitintervalls  von  60  Tagen  gemessen.  Dies 
entspricht  einer  Alterung  urn  zirka  40  Jahre.  Die  wahrend  der  Priifung  umgesetzte 
Warme  lasst  sich  durch  numerische  Integration  des  Warmeflusses  uber  die  Zeit  be- 
stimmen.  Ein  Sprengstoff  wird  als  chemisch  stabil  beurteilt,  wenn  uber  die  gesamte 
Messdauer  bei  einer  Pruftemperatur  von  70  "C  der  Warmefluss  den  Grenzwert  von 
±10|4W  nicht  uberschreitet  und  der  integrierte  Warmeumsatz  kfeiner  als  52  Joule  ist. 
Alle  untersuchten  Sprengstoffe  zeigten  wahrend  der  ersten  Tage  ein  endothermes 
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Verhalten,  welches  dann  in  ein  exothermes  ubergeht.  Innerhalb  der  Prufzeit  zeigte 
keine  der  Proben  Anzeichen  einer  autokatalytischen  Zersetzung.  Der  Grenzwert  wur- 
de  von  keinem  der  getesteten  Isogensprengstoffe  uberschritten  (vgl.  Abbildung  3). 


Zelt  Uage] 

Abbildung  3:  Warmeflusskurve  der  Systeme  CL-20  (96%)/HTPB  (4%),  CL-20  (96%)/ 
GAP  (4%)  und  CL-20  (100%)  bet  einer  Prtiftemperatur  von  70  °C. 

Der  integrierte  Warmefluss  (d.h.  die  wahrend  der  60  Tage  produzierte  Warme)  be- 
tragt  0.25  J/g  bei  CL-20,  8.8  J/g  bei  CL-20/4%  HTPB  und  1 6.75  J/g  bei  CL-20/4% 
GAP.  Der  Grenzwert  von  52  J  wurde  in  keinem  der  getesteten  Formulierungen  uber¬ 
schritten.  Aufgrund  dieser  Tatsache  kann  angenommen  warden,  dass  die  untersuch- 
ten  Isogenformulierungen  uber  einen  Zeitraum  von  zirka  40  Jahren  chemisch  stabil 
sein  sollten. 

Die  chemische  Vertragiichkeit  der  Sprengstoffbestandteile  mit  eventueilen  Kontakt- 
materialien,  wie  Eisen,  Kupfer  und  Aluminium  istfur  samtiiche  Kombinationen  mit 
HMX,  CL-20  und  HTPB  gegeben.  Hingegen  zeigen  die  mikrokalorimetrischen  Mes- 
sungen  beim  Kontakt  von  GAP  mit  Eisen  und  insbesondere  mit  Kupfer  einen  erhoh- 
ten  Warmefiuss  und  somit  eine  nicht  akzeptable  chemische  Kompatibilitat. 
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THERMISCHE  STABILITAT 

Die  thermische  Stabilitat  wurde  mit  Hilfe  von  Differential  Scanning  Calorimetry  (DSC) 
untersucht.  Zur  Messung  stand  ein  METTLER  TOLEDO  Star  System  zur  Verfugung. 
Die  in  Tabelle  3  aufgefuhrten  Daten  beziehen  sich  auf  eine  Heizrate  von  5°C/Min 
und  eine  Probemenge  von  5  mg  bei  HMX-Formulierungen,  bzw.  1  mg  bei  CL-20- 
Kompositionen. 


Komponenten 

Zusammen- 
setzung  [%] 

Phasenumwandlung 

(max) 

Onset 

Temperatur 

Max. 

Exotherm 

HMX 

100 

P->8: 180  °C 

271  °C 

276  °C 

HMX/HTPB 

98/2 

P-»8: 180  °C 

270  °C 

271  °C 

HMX/GAP 

98/2 

p^8;  178  °C 

265  °C 

270  “C 

HMX/ESTANE 

LX-14 

P-^8: 186  “C 

265  “C 

275  °C 

CL-20 

100 

170  °C 

232  °C 

244  °C 

CL-20/HTPB 

96/4 

e-^ries'c 

233  °C 

236  °C 

CL-20/GAP 

96/4 

e-^r  169  "C 

238  °C 

O 

o 

CM 

CL-20/ESTANE 

LX-1 9 

168  °C 

220°C 

227  °C 

Tabelle  3:  Differencial  Scanning  Calorimetry  Daten  von  HMX,  CL-20,  sowie  der 

entsprechenden  HTPB,  GAP  und  ESTANE-Formulierungen 

Wie  bereits  die  Daten  der  chemisch  reinen  Stoffe  zeigen,  erfoigt  die  exotherme  che- 
mische  Zersetzung  von  CL-20  bei  rund  30°C  tieferer  Temperatur  als  diejenige  von 
Oktogen.  Der  Einfluss  der  Binder  kann  je  nach  Energietrager  recht  unterschiedlich 
sein.  Wahrend  beispielsweise  der  Binder  ESTANE  in  LX-14  die  Onset-Temperatur 
urn  6  “C  und  die  Temperatur  der  maximaien  exothermen  Umsetzung  urn  bloss  1°C 
erniedrigt,  ist  der  Effekt  bei  der  CL-20-Formulierung  LX-1 9  bedeutend  ausgepragter. 
Die  Onset-Temperatur  wird  urn  ganze  12  °C  und  die  Temperatur  des  maximaien 
exothermen  Warmeflusses  urn  nicht  weniger  als  17  °C  erniedrigt.  In  den  vorliegen- 
den  Sprengstoff-Formulierungen  scheint  der  Einfluss  des  Binders  unter  den  erwahn- 
ten  Versuchsbedingungen  keinen  grossen  Einfluss  auf  die  Temperatur  der  endother- 
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men  Kristallumwandlungen  zu  haben.  Es  ware  jedoch  falsch,  daraus  in  der  jeweili- 
gen  Bindermatrix  eine  gute  Stabilitat  der  verwendeten  Kristallmodifikationen  ableiten 
zu  wollen.  Insbesondere  im  Fall  von  CL-20  wurde  gezeigt,  dass  sowohl  das  Ldslich- 
keitsvermogen  des  Binders”'^*,  wie  auch  Verunreinigungen^®  massgeblich  die  Um- 
wandlung  in  andere  Kristallmodifikationen  fordert. 

Die  Formulierungen  auf  der  Basis  der  Binder  GAP  und  HTPB  zeigen  bei  Aufheizra- 
ten  von  5°C/min  eine  exotherme  Vorreaktion  (vgl.  Abbildung  4).  Diese  korrespondiert 


CL20/4%  HTPB  30*350/5«  Ar  2p 


60i 


^  7  Integral  1285.29  mJ 

^  Onset  232.83  "C 

Pea1ch6he  58.50  mW 

Peak  236.47  ”C 

Extrapol.  Peak  236.44 
Peakweite  0.61  "C 


40H 


20i 


1 - - - - - ^ - 1 - - - - - - - ^ - - - - - - - T - - - ■  ■  '  i  ^ - - - 1  ■  ^  ^  ^ 

50  100  150  200  250  300  “C 


Abbildung  4:  DSC  von  CL-20/HTPB  (96/4),  Aufheizrate:  5  °C/mln 

mit  der  exothermen  Umsetzung  des  Binders.  Die  Reaktion  der  energetischen  Kom- 
ponente  selbst  findet  dann  sehr  rasch  in  einem  engen  Temperaturbereich  statt.  Der 
Einfiuss  der  Binder  HTPB  und  GAP  auf  die  Erniedrigung  der  Temperatur  des  maxi- 
malen  Warmeflusses  ist  fur  HMX  und  CL-20  in  den  untersuchten  Konzentrationsbe- 
reichen  Weiner  als  8  °C. 
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HANDHABUNGSSICHERHEIT 

Zur  Ermittiung  der  Handhabungssicherheit  wurde  die  Schlag-  und  die  Reibempfind- 
lichkeit  bestimmt.  Die  Empfindlichkeit  beztigiich  Schlag  wurde  auf  einem  BAM-Faii- 
hammer  mil  einem  2  kg  Faiigewicht  ermittelt.  Zur  Bestimmung  der  Reibempfindiich- 
keit  stand  ein  Juiius  Peters  Reibapparat  zur  Verfiigung.  Die  Durchfiihrung  und  Er¬ 
mittiung  der  Resuitate  entspricht  den  Beschreibungen  aus  „UN  Recommendations 
on  Transport  of  Dangerous  Goods",  Tests  3(a)(ii)  bzw.  3(b)(i). 


Formuiierung 

Zusammen- 

setzung 

Reibempfindiichkeit 

Schiagempfindlichkeit 

HMX,  Klasse  C 

100 

8.0  kg 

20  cm 

HMX/HTPB* 

98/2 

9.6  kg 

10  cm 

HMX/GAP* 

98/2 

9.6  kg 

10  cm 

HMX/ESTANE 

LX-14 

28.8  kg 

15  cm 

CL-20 

100 

9.6  kg 

15  cm 

CL-20/HTPB* 

96/4 

14.4  kg 

15  cm 

CL-20/GAP* 

96/4 

9.6  kg 

10  cm 

CL-20/ESTANE 

LX-19 

14.4  kg 

10  cm 

*  Binder  ausgehartet 

Tabelle  4:  Reibungs-  und  Schlagempfindlichkeit  von  HMX  und  CL-20-Formulie- 

rungen  auf  der  Basis  von  HTPB,  GAP  und  ESTANE 


Die  Schlagempfindlichkeit  aiier  Formulierungen  bewegt  sich  zwischen  10  und  15  cm, 
in  einem  Bereich  also,  welcher  typisch  fur  die  meisten  hochbrisanten  Oktogen- 
sprengstoffe  ist.  Bei  der  Reibungsempfindlichkeit  gibt  es  gewisse  Unterschiede.  So 
scheinen  die  Binder  HTPB  und  ESTANE  eine  eher  phlegmatisierende  Wirkung  aus- 
zuuben,  wahrenddem  bei  GAP  kein  eindeutiger  Effekt  festgestelit  werden  kann. 

Die  Empfindlichkeit  bezugiich  elektrostatischer  Entladung’^  ist  fiir  aiie  in  Tabeiie  4 
aufgefuhrten  Formulierungen  in  einem  fur  die  Handhabung  unproblematischen  Be¬ 
reich. 
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LEISTUNG 


Zur  Abschatzung  der  Leistung  wurden  einerseits  Explosionswarmen  bestimmt,  ande- 
rerseits  aber  auch  Detonationsgeschwindigkeiten  berechnet  und  teilweise  experi- 
mentell  verifiziert. 


Formulierung 

Zusammensetzung  [%] 

Explosionswarme 

Oktogen  (HMX) 

100 

5558  J/g 

HMX/ESTANE 

LX-14 

5063  J/g 

CL-20 

100 

6090  J/g 

CL-20/HTPB 

96/4 

5443  J/g 

CL-20/GAP 

96/4 

5799  J/g 

CL-20/ESTANE 

LX-19 

5382  J/g 

Tabelle  5;  Explosionswarmen  von  CL-20-  und  HMX-Formulierungen 


Wie  bereits  aus  den  Explosionswarmen  der  reinen  Substanzen  ersichtlich  ist,  kann 
aufgrund  der  Substitution  von  HMX  durch  CL-20  mit  einer  Erhohung  der  Energie- 
ausbeute  von  zirka  10%  gerechnet  werden.  Die  Applizierung  eines  Binders  vermin- 
dert  diese  zwar,  doch  der  Energieverlust  kann  durch  die  Verwendung  energetischer 
Binder,  wie  beispielsweise  GAP,  reduziert  werden. 

Die  experimentelle  Bestimmung  der  Detonationsgeschwindigkeiten  liess  sich  mit 
Hilfe  von  Prazisionszeitmessem  und  lonisationssonden  durchfuhren,  welche  jeweils 
zwischen  zwei  Presskorpern  plaziert  wurden.  Die  Dicke  (0.08  mm)  der  verwendeten 


h 


Abbildung  5:  Experimenteller  Aufbau  fiir  die  Messung  der  Detonationsgeschwindig- 
keit 
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Kammfolie  wurde  bei  der  Bestimmung  der  Detonationsgeschwindigkeit  berucksich- 
tigt. 


Formulierung 

Zusammensetzung 

Dichte 

Geschwindigkeit 

HMX/HTPB 

96/4 

1 .789  gem'® 

8710±12m/s 

HMX/HTPB 

98/2 

1.812  gem  ® 

8763  ±  30  m/s 

HMX/GAP 

96/4 

1.822  gem'® 

8760  ±  35  m/s 

HMX/GAP 

98/2 

1.831  gem® 

8833  ±  26  m/s 

HMX/ESTANE 

LX-14 

1 .800  gem® 

8760  ±  70  m/s 

CL-20/HTPB 

98/2 

9231  ±  7  m/s 

CL-20/GAP 

98/2 

1 .964  gem® 

9286  ±  6  m/s 

CL-20/ESTANE 

LX-19 

1 .929  gem  ® 

9124 +  12  m/s 

Tabelle  6:  Experimentell  ermittelte  Detonationsgeschwindigkeiten  von  Spreng- 

stoffen  auf  der  Basis  von  CL-20  und  HMX  im  Vergleich. 


Die  theoretische  Berechnung  der  Detonationsgeschwindigkeiten  erfoigte  mit  Hilfe  der 
Sumin-Kondrikov-Zustandsgleichung’®  und  entsprechenden  Parametern  aus  der 
„Datenbank  Thermochemischer  Daten"  (Version  3)  des  ICT,  wobei  die  theoretisch 
maximale  Dichte  (TMD)  von  CL-20  auf  den  Wert  von  2.04  gem'®  korrigiert  wurde. 


1.800  1.850  1.900  1.950  2.000  2.050 

Dichte 


Abbiidung  6:  Berechnete  und  gemessene  Detonationsgeschwindigkeiten  der  For- 
muiierungen  CL-20/GAP  (98/2)  und  HMX/GAP  (98/2). 
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Wie  aus  Abbildung  6  ersichtlich  ist,  konnten  theoretisch  bei  isogenverpressten  For- 
mulierungen  auf  der  Basis  von  CL-20  und  GAP  Detonationsgeschwindigkeiten  von 
uber  9400  m/s  erreicht  warden.  Dies  entspricht  gegeniiber  den  aquivalenten  HMX- 
Formulierungen  eine  Steigerung  von  mindestens  400  m/s.  Dieser  Trend  wurde  auch 
durch  experimentelle  Daten  bestatigt.  Wahrenddem  fur  das  System  HMX/GAP  (98/2) 
eine  Detonationsgeschwindigkeit  von  8833  m/s  gemessen  wurde,  erreichte  die  For- 
mulierung  CL-20/GAP  (98/2)  9286  m/s,  was  einer  Steigerung  urn  5%  entspricht.  Der 
selbe  Trend  konnte  auch  fur  die  Systeme  HMX/HTPB  bzw.  CL-20/HTPB  nachgewie- 
sen  warden,  wobei  die  erreichten  Detonationsgeschwindigkeiten  diejenigen  der  ent- 
sprechenden  GAP-Formulierungen  nicht  ganz  erreichten. 


SCHLUSSFOLGERUNGEN 

Die  Technologie  des  Isogenverpressens  lasst  es  zu  Sprengstoffkorper  herzustellen, 
welche  trotz  einem  Energietragergehalt  (HMX/CL-20)  von  bis  zu  98%  hervorragende 
mechanische  Eigenschaften  aufweisen.  Als  Nachteil  dieser  Verarbeitungsmethode 
muss  die  beschrankte  Haltbarkeit  des  Granulates,  sowie  die  zeitliche  Inanspruch- 
nahme  der  Presswerkzeuge  erwahnt  warden.  Dies  sind  jedoch  Probleme,  welche 
grundsatzlich  technisch  losbar  sein  sollten. 

Die  untersuchten  Systeme  auf  der  Basis  von  HMX  und  CL-20  als  Energietrager 
sowie  HTPB  und  GAP  als  Bindersysteme  zeichnen  sich  durch  gute  Langzeitstabilitat 
aus.  Wie  bereits  aus  der  Literatur  bekannt  war,  ist  einzig  der  Kontakt  von  GAP  mit 
bestimmten  Metallen  (z.B.  Kupfer)  problematisch.  Die  Thermostabilitat  von  CL-20- 
Formulierungen  ist  im  Vergleich  zu  entsprechenden  HMX-Systemen  leicht 
vermindert,  jedoch  bei  weitem  in  einem  akzeptablen  Bereich.  Die  Stabilitat  der  bei 
CL-20  verwendeten  e-Kristallmodifikation  in  verschiedenen  Bindermatrizes  ist  Ge- 
genstand  noch  laufender  Untersuchungen. 

Die  Handhabungssicherheit  bewegt  sich  aufgrund  der  ermittelten  Schlag-  und  Reib- 
empfindlichkeit  im  Rahmen  heute  venwendeter  hochbrisanter  Oktogensprengstoffe. 
Die  Empfindlichkeit  bezuglich  elektrostatischer  Entladung  ist  sowohl  fur  die  unter¬ 
suchten  Oktogen-,  wie  auch  fur  die  CL-20-Sprengstoffe  unproblematisch. 

Wie  die  Messung  der  Explosionswarme  zeigt,  ist  durch  die  Verwendung  von  CL-20 
anstelle  von  Oktogen  eine  Steigerung  der  Energieausbeute  urn  fast  10%  zu  erwar- 
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ten.  Aufgrund  der  theoretischen  Berechnungen,  wie  auch  der  experimentell  ermittel- 
ten  Leistungskenndaten  ist  absehbar,  dass  mit  Hilfe  der  Isogentechnologie  und  auf¬ 
grund  einer  weiteren  Optimierung  der  Ausgangsprodukte,  CL-20-Sprengstoffe  mit 
Detonationsgeschwindigkeiten  im  Bereich  von  9400  m/s  hergestellt  und  verarbeitet 
warden  konnen.  Die  hochste  bis  anhin  experimenteil  ermitteite  Detonationsgeschwin- 
digkeit  von  9286  m/s  wurde  fiir  das  System  CL-20/GAP  (98/2)  gemessen. 

Da  die  Isogentechnoiogie  auch  ein  Ausharten  des  Binders  unter  isostatischer  Druck- 
verteiiung  zulasst,  soiite  die  erreichte  Leistungssteigerung  bei  den  Sprengstoffen 
auch  im  Bereich  grosskaiibriger  geformter  Ladungen  umzusetzen  sein. 
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ABSTRACT 

For  more  than  ten  years  SNPE  has  been  looking  for  insensitive  high  explosives  for  IM.  The  way 
chosen  to  achieve  this  target  was  to  use  NTO  as  an  insensitive  filler  in  a  PBX.  The  first  result  of 
these  studies  was  the  preparation  of  B2214  (NTO/HMX/binder)  which  has  been  described  during  the 
ninth  symposium  on  detonation  (Portland,  1989). 

Besides  its  very  low  sensitivity,  B2214  shows  two  major  difficulties  which  are  its  large  failure 
diameter  (around  75  mm)  and  its  relatively  limited  performances  (Detonation  pressure  22.5  GPa). 

To  improve  these  properties  the  first  way  was  to  increase  the  HMX  content  while  still  being  BIDS. 
This  was  described  during  an  ADPA  meeting  (Phoenix,  1995). 

The  second  one  is  to  replace  the  inert  binder  by  an  energetic  one.  Using  this  method  two  PBXs 
called  B3017  (NTO/Binder)  and  B3021  (NTO/HMX/Binder)  were  formulated  and  characterised. 

This  presentation  will  report  and  summarise  those  results. 


/.  INTRODUCTION 

For  many  years,  S.N.P.E.  has  been  loo¬ 
king  for  insensitive  ammunitions  (IM).  EIDS 
(Extremely  Insensitive  Detonating  Substance) 
seemed  to  be  the  best  way  to  obtain  intrinsic 
insensitivity.  Among  different  available  tech¬ 
nologies,  it  has  been  shown  (1,  2)  that  NTO 
based  cast  cured  PBXs  was  the  more  accurate 
in  terms  of  processability,  cost,  performances 
and  vulnerability. 


On  this  basis  a  cast  cured  PBX  named 
B2214  using  HTPB  as  binder  and  filled  with  a 
mixture  of  NTO  and  HMX  was  manufactured 
and  characterised  (3).  It  showed  a  high 
insensitivity  to  FCO,  SCO,  bullet  impact, 
shock  (gap  test,  heavy  fragment  impact)  and 
shaped  change. 

More,  the  resistance  to  sympathetic 
detonation  has  been  demonstrated  up  to  a 
stack  test  using  0  248  mm  -  1  450  mm  con¬ 
fined  (0,5"  of  steel)  model. 
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Unfortunately  such  wonderful  insensiti¬ 
vity  has  a  price  which  has  to  be  paid  in  terms 
of  high  critical  diameter  (a  75  mm  uncon¬ 
fined)  and  poor  initiability. 


This  B2214  is  suitable  for  large 
ammunitions  such  as  general  purpose  bombs 
but  has  to  be  improved  for  other  applications. 


2.  IMPROVEMENT  OF  B22I4 

As  we  were  looking  for  BIDS  one  way 
was  to  increase  the  HMX  content  and  to  op¬ 
timise  the  ratio  NTO/HMX  while  still  having  a 
extra  large  gap  test  lower  than  70  mm  of 
PMMA. 


This  way  was  explored  and  lead  to 
define  B2248  whose  properties  had  been 
described  earlier  (4). 


The  performances  have  been  increased 
by  20  %  (as  p  D^),  the  failure  diameter 
divided  by  7  (1 1  mm)  but  if  this  PBX  is  still  an 
BIDS,  its  sensitivity  has  been  increased  a  lot 
and  cannot  insure  sympathetic  detonation  of 
large  ammunitions. 


This  B2248  can  be  used  in  missile 
warheads  up  to  140  or  150  mm  diameter. 


3.  THE  ENERGETIC  BINDER  WA  Y 

The  target  of  the  study  reported 
hereafter  was  to  process  a  PBX  having  the 
same  shack  sensitivity  than  B2214  with  a 
lowered  failure  diameter  and  increased  amor- 
cability  and  performances.  It  was  choosen  to 


use  an  energetic  binder  for  the  two  last 
properties  and  NTO  alone  as  filler  for  the  first 
one. 


3.1.  Composition  : 

Looking  for  processability,  mechani¬ 
cal  properties  and  energy,  the  best  compro¬ 
mise  was  found  to  be  74  %  of  fillers  in  a 
classical  energetic  binder  (i.e.  inert  polymer 
with  a  large  amount  of  energetic  plasticizer). 
This  PBX  named  B3017  has  been  formulated 
with  a  classical  process  to  prepare  cast  cured 
PBX. 


Processability  was  optimised  by  using 
available  classes  of  NTO  particle  size  manu¬ 
factured  by  SNPB.  Samples  were  obtained 
directly  by  casting  and  curing  or  by  machining 
after  curing.  Compositions  of  B3017,  as  well 
as  B2214  and  ORA86A  as  references  are 
shown  in  table  1 . 


% 

MASS 

NAME 

B3017 

B2214 

ORA86 

%  Binder 

26 

16 

14 

%  NTO 

74 

72 

- 

%HMX 

- 

12 

86 

Specific 

mass 

(g/cm3) 

1.75 

1.63 

1.71 

Table  1  :  Composition  of  PBX 


3.2.  Detonation  velocity 

The  detonation  velocity  of  B3017 
extrapolated  to  infinite  diameter  was  found  to 
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be  7.780  m/s.  Comparison  with  references  is 
given  in  table  2  : 


B3017 

B2214 

ORAS6 

Doo  (m/s) 

7780 

7440 

8380 

PD2/4  (GPa) 

26.5 

22.5 

30.0 

Ratios 

1.17 

1 

- 

Ratios 

0.88 

- 

1 

Table  2  :  Performances 


The  failure  diameter  was  found  to  be 
between  10  and  15  mm. 


3.3.  Fast  cook  off 

For  the  three  compositions,  the  fuel 
fire  tests  were  performed  using  the  French 
MOD  model  (3.0  1  -  0  123  mm  -  e  =  10  mm 
steel).  The  result  was  type  V  reaction  for  the 
three  composition  which  means  only  smooth 
combustion  of  the  HE  without  any  violent 
event. 


3.4.  Slow  cook  off 

Using  the  same  model  and  a  heating  of 
3.3°C/h  (6°F/h)  the  same  result  i.e.  type  V 
reaction  was  observed  on  all  of  the  three 
compositions. 


3.S.  Bullet  impact  test 

For  the  three  compositions  the  same 
model  was  used  and  one  bullet  (12.7  AP)  was 
shot  at  different  velocities.  Once  again  for  all 
velocities  from  600  m/s  to  1140  m/s  the  same 
results  was  found  i.e.  type  IV  /  type  V 
reaction  (type  V  for  B2214)  depending  on  the 
exact  configuration. 


3.6.  Extended  laree  scale  ean  test 

The  gap  test  is  used  to  determine  the 
threshold  of  the  propagation  of  detonation  in  a 
solid  substance.  A  inert  barrier  of  PMMA  is 
placed  between  an  initiating  booster  (hexo- 
wax  95/5  -  0  75  mm)  and  a  sample  of 
explosive  to  be  tested  (0  75  mm  - 1  280  mm) 
confined  in  a  4  mm  thick  steel  pipe. 


Results  are  given  in  table  3.  They  are 
expressed  in  thickness  of  PMMA  needed  to 
stop  the  transmission  of  detonation  from  the 
booster  to  the  sample  to  be  tested. 


Thickness  of 
barrier 
(mm) 

Pressure 

(kbar) 

ORA86 

80 

30 

B2214 

40 

80 

B3017 

35 

90 

Table  3  :  Extended  large  scale  gap  test 
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It  can  be  seen  that  although  it  is  more 
performant,  B3017  is  slightly  less  shock 
sensitive  than  B2214  and  twice  less  than 
ORA86. 


3. 7.  Heavy  fraement  impact 

This  test,  usually  performed  in  France,  is 
another  mean  to  measure  the  shock  sensitivity. 
The  sample  is  confined  in  the  same  model  than 
hereabove  and  a  steel  ball  (0  39.5  mm  -  m  = 
252  g)  is  shot  at  it.  The  velocity  can  be 
increased  up  to  2300  m/s. 


The  result  is  expressed  as  the  higher 
velocity  which  didn't  lead  to  the  detonation  of 
the  sample  (table  4). 


Velocity 

(m/s) 

Pressure 

(khar) 

ORA86 

1910 

60 

B2214 

>2273 

>90 

B3017 

>2240 

>90 

Table  4  :  Heavy  fragment  impact 


3.8.  Sensitivity  to  sympathetic  detonation 

Different  experiments  were  performed 
using  the  kinds  of  models  and  configurations 
as  described  hereafter.  No  sympathetic 
detonation  have  been  observed. 


All  the  results  are  summarised  in  table 
5  : 


Conjlgu 

-ration 

L 

/ 

e 

X 

Result 

D/A 

400 

90 

12.5 

25 

NSD 

Stack 

400 

90 

12.5 

25 

NSD 

D/2A 

400 

90 

6 

25 

NSD 

Stack 

400 

90 

6 

35 

NSD 

D/2A 

400 

90 

3 

25 

NSD 

D/2A 

260 

123 

10 

25 

NSD 

NSD  :  No  sympathetic  detonation 


Table  5 


4.  IMPROVEMENT  OF  B301 7 


Although  the  goal  of  the  study  had 
been  fitlly  reached,  some  more  improvements 
seemed  to  be  possible,  looking  for  the  most 
performant  BIDS. 


For  this  purpose  HMX  was 
progressively  substituted  to  NTO  and  the 
sensitivity  to  gap  test  evaluated.  The  limit  of 
the  sensitivity  to  be  BIDS  was  reached  with  an 
amount  of  25  %  of  HMX. 


This  PBX,  named  B3021,  has  the  same 
binder  than  B3017  and  a  content  of  50  %  of 
NTO  and  25  %  of  HMX.  Some  properties  of 
B3021  in  comparison  with  B3017  are  listed  in 
table  6. 
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B3021 

B30I7 

Detonation 
velocity  (m/s) 

8050 

7780 

pD2/4 

(GPa) 

28.7 

26.5 

Critical  diameter 
(mm) 

<  10 

10  to  15 

ELS  Gap  test 

60 

35 

FCO 

Type  V 

Type  V 

SCO 

Type  V 

Type  V 

Bullet  impact 

Type IV/V 

Type IV/V 

Table  6 


5.  CONCLUSIONS 

The  target  of  this  study  made  by  SNPE 
was  to  improved  performances,  failure  diame¬ 
ter  and  amorcability.  This  target  has  been 
achieved  by  processing  B3017  which  is  a 
mixture  of  NTO  and  an  energetic  binder.  It 
can  be  seen  in  the  reported  results  than  the 
shock  sensitivity  is  equivalent  to  B2214  while 
the  performance  in  terms  of  detonation 
pressure  is  increased  by  1 7  %. 


The  comparison  with  a  classical  PBX 
such  as  ORA86  (86  %  HMX  -  14  % 
polyurethane  binder)  is  the  following  :  shock 
sensitivity  is  divided  by  three  while  the 
decrease  of  performances  (as  detonation 
pressure)  is  only  12  %. 


The  behaviour  of  such  a  PBX  versus 
other  stimuli  (FCO,  SCO,  bullet  impact)  is  still 


good  and  B3017  is  a  very  good  candidate  to 
fill  insensitive  ammunitions. 


Nevertheless  it  can  be  thought  that 
performances  are  still  a  bit  low.  That's  why 
B3021  has  been  conceived  and  its  charac¬ 
teristics  show  that  it  is  possible,  using  NTO 
based  cast  cured  PBXs,  to  manufacture  BIDS 
having  performances  very  close  to  compo¬ 
sition  B. 
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ABSTRACT 

In  1994  a  45mm  twin  screw  extmder  was  introduced  at  the  Prins  Maurits  Laboratory  of  TNO  for  the 
processing  of  energetic  materials.  Initial  safety  experiments  were  carried  out  by  using  inert 
compositions  with  small  amounts  of  different  energetic  components  and  micro  encapsulated  chemical 
sensors  to  simulate  solventless  extrusion  processing. 

By  this  approach  the  internal  shear  forces  and  the  thermal  behavior  during  such  type  of  extrusion 
processing  could  be  assessed.  As  a  consequence,  some  limiting  and  verifiable  processing  parameters 
as  product  temperature,  product  pressure,  drive  torque  were  found  and  used  to  avoid  hazardous 
situations  when  processing  energetic  materials  at  similar  conditions.  The  range  of  encountered  shear 
stresses  within  the  product  during  processing  could  be  measured  with  CAMES™-particles  and  these 
too  could  be  related  to  possible  hazardous  conditions. 

Initial  processing  of  some  PBX  compositions,  which  cannot  be  processed  by  existing  casting 
techniques,  based  on  monomodal  RDX  and  a  solid  loading  upto  86-87  w%  showed  promising  results. 
To  process  the  same  type  of  compositions  by  casting  the  solids  level  has  to  be  reduced  to  the  range  of 
70-78  wt%  depending  on  the  crystal  sizes  and  tapdensity. 


1. 


INTRODUCTION 
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At  the  Prins  Maurits  Laboratory  (PML/TNO)  a  project  was  started  to  investigate  the  process 
behavior  during  solventless  extrusion  processing  of  various  composite  materials.  The  main 
objectives  were  to  determine  which  type  of  explosive  substances  can  be  safely  used  in  the  extruder 
by  measuring  the  forces  and  by  assessing  the  thermal  behavior  during  the  extrusion  process.  This  is 
performed  by  testing  different  types  of  liquid  prepolymer  binders  with  small  amounts  of  some  high 
explosives  and  an  inert  filler.  Furthermore,  microencapsulated  chemical  sensors  were  used  to 
indicate  the  range  of  shear  stresses  during  the  high-shear  mixing  and  extrusion  cycles  of  the  same 
type  of  compositions. 


2.  TECHNICAL  DETAILS  OF  EXTRUDER 

The  technical  data  of  the  Theysohn  Maschinenbau  GmbH  (BRD)  TSK045  extruder  used  during  the 


experiments  are  as  follows; 

Type; 

co-rotating  self-wiping  twin  screw  extruder  (SWE) 

Capacity; 

2-45  kg/hr 

Number  of  screws; 

2 

Screw  diameter: 

45  mm 

(D) 

Screw  length: 

1305  mm 

(29  L/D) 

Processing  unit  length; 

1260  mm 

(28  L/D) 

Number  of  barrel  sections: 

7 

(each  4  L/D) 

Screw  shaft  rotational  speed; 

0-  150  rpm 

Drive; 

frequency  controlled  flange  motor, 

max.capacity  = 

7.5kW  (50Hz/1500rpm) 

This  extruder  is  feeded  by: 

•  Two  gravimetric  feeding  imits  for  solid  ingredients  (Brabender,  0-2  and  l-15kg/hr) 

•  One  volumetric  feeding  unit  for  solid  ingredients  (Ktron,  0-261tr/hr) 

•  Four  volumetric  feeding  units  for  liquid  ingredients  (2  LDT  single-piston  dosing  pumps,  0-2  Itr/hr 
and  2  Verderflex  displacement  pumps  2010, 4-100  Itr/hr) 
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The  screw  elements  are  interchangeable,  with  dispersive  mixing  elements  (complete  destruction  of 
agglomerates)  and  distributive  mixing  cog-wheel  elements  (mechanical  turbulence  and  re¬ 
orientation  for  good  thermal  homogenisation). 


3.  SAFETY  MEASURES 

IN  HARDWARE: 

•  safety  clutch  on  drive,  with  a  set  shifting  torque  of 480  Nm 

•  burst  disc  in  last  part  of  processing  unit,  which  tears  at  pressures  >  300  bar 

•  breaking  bolts  mounted  in  extmsion  head  construction,  which  tear  at  pressures  >  250  bar 

IN  SOFTWARE: 

•  Continuously  monitoring  of  product  temperature  and  product  pressure  in  process  unit  and  in  head 
construction,  which  are  compared  to  the  specified  set  points. 


4.  DETERMINATION  OF  SAFETY  LIMITS 


The  safety  limits  were  measured  by  extrusion  trials  during  a  process  flow  of  2-3  kg/hr,  different 
rotational  speeds  (70-150  rpm)  and  a  continuous  temperature  of  60°C  in  the  process  unit  and  head 
construction  based  on: 

•  [K,S04  /  HTPB  +  plasticizer] 
or: 

•  [K2SO4  /  PPG  -t-  plasticizer] 
with: 

•  Solid  Load:  83  -  92  % 
and: 

•  2-3%  High  Explosive  additive  as  thermochemical  sensor,  with  different  faction  sensitivities 
and  thermal  behaviour  (TNT,  RDX,  HMX,  and  PETN) 
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or: 

•  0.2%  ‘microspheres’  GAMES™  as  coloring  sensor  (Mach  I  Inc),  of  which  the  %-fracture  is 

a  function  of  wall  thickness  and  shear  stress 


Since  it  was  assumed  that  an  accidental  ignition  of  an  energetic  material  during  extmsion  processing 
can  be  related  to  its  thermal  behaviour  and  friction  sensitivity,  it  was  decided  to  use  in  the 
experimental  compositions  some  high  explosives  with  remarkable  differences  in  these  two 
characteristics  as  shown  in  the  following  table : 


High  Explosive  additive 

Thermal  characteristics 

BAM-friction  50%-value 

TNT 

melting  at  80“C, 

TG  onset  at  190°C 
-AH,  =  14980  kJ/kg 

>  360  Nm 

RDX 

melting/exothermic  reaction 
at  200°C 

TG  onset  at  200°C 
-AH,  =  9450kJ/kg 

250  Nm 

HMX 

exothermic  reaction  at  250°C 
TG  onset  at  240°C 
-AH,  =  9330kJ/kg 

100  Nm 

PETN 

melting  at  140°C 
exothermic  reaction  at  170°C 
TG  onset  at  100°C 
-AH,  =  8140kJ/kg 

70  Nm 

These  high  explosives  were  used  as  thermo-chemical  reactive  sensors  in  an  inert  medium  with  as  close 
as  possible  comparable  flow  behavior  during  extrusion  as  is  the  case  with  high  energetic  compositions. 
As  a  start  some  prepolymer  binder/inert  filler  15/85  blends  were  prepared  and  mixed  with  2.0  wt-%  of 
these  energetic  components,  whereafter  the  final  compositions  were  tested  by  TG/DT A/DSC.  As  a 
selection  criterion  for  these  trials  it  was  required  that  the  compositions  should  only  react  to  a  degree 
comparable  to  the  concentration  of  the  HE  ingredients  included.  A  more  violent  reaction,  in  terms  of  a 
higher  reaction  enthalpy  and/or  a  higher  weight  loss  then  should  be  expected  based  on  the  amount  of 
HE,  was  not  acceptable. 
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From  these  TG/DTA/DSC  tests  it  was  decided  to  perform  all  extrusion  trials  with  the  inert  filler 
Potassium  Sulfate.  This  filler  was  used  earlier  at  the  PML/TNO  as  an  inert  ingredient  in  energetic 
formulations.  The  high  crystal  density  of  this  filler  compared  to  most  types  of  HE’s  (2.66  and  1.6-1. 9 
g/cm3  respectively)  is  a  disadvantage,  because  this  results  in  a  lower  specific  surface  area  and  thus  in 
lower  dynamic  viscosities  during  the  extmsion  process.  However,  this  material  is  less  sensitive  to 
moisture  and  shows  also  less  or  no  corrosive  reactions  to  metallic  surfaces. 

Potassium  Chloride  is  mentioned  in  literature  as  an  inert  ingredient  to  simulate  high  explosives  (crystal 
density  of  KCl:  1.98  g/cm3).  It  is  however  sensitive  to  moisture,  which  results  in  agglomeration 
(feeding  problems)  and  corrosive  reactions  with  metallic  surfaces  of  the  hardware.  Powderous  Sugar  is 
also  mentioned  in  literature  as  an  inert  filler  for  preparation  of  “mimics”.  The  main  advantages  are  a 
comparable  crystal  density  as  HE's  (about  1.6  g/cm3)  and  a  smaller  particle  size  and  distribution. 
However,  it  is  known  that  this  ingredient  could  also  act  as  an  oxidizer,  which  may  lead  to  a  follow-on 
reaction  with  the  binder  after  a  burning-type  ignition  has  already  started.  Muller  of  ICT  [6,7]  used 
Powderous  Sugar  as  an  inert  to  measure  the  relationship  between  shear  stress  and  shear  rate  during  an 
extrusion  process  within  a  Continua  twin-screw  C-37E  extruder  to  simulate  the  Gun  Propellant  XM- 
39.  From  the  TG/DTA/DSC-results  it  was  found  that  all  compositions  based  on  Powderous  Sugar  and 
HE-sensor  showed  much  too  high  reaction  enthalpies  and  weight  losses  as  could  be  expected  if  the 
inert  filler  was  really  inert. 

The  thermal  differences  between  the  KjS04-  and  KCl-compositions  are  however  negligible,  so  it  was 
decided  to  start  the  extrusion  trials  with  K2SO4  as  an  inert  filler  because  of  a  better  feeding  capability 
and  negligible  corrosive  behaviour. 


During  the  International  Annual  Conference  of  ICT  (Karlsruhe  BRD)  in  1991  and  in  1994  papers  were 
presented  [1,2],  in  which  the  use  of  spheres  of  micro-encapsulated  dyes  during  extmsion  processes 
was  shown.  These  spheres  mpture  when  a  specified  set  of  shear  conditions  is  exceeded.  The  colour 
resulting  fi-om  the  released  dye  can  be  monitored  to  indicate  the  value  of  the  highest  shear  stress  on  the 
extmded  composition  and/or  alert  for  an  impending  critical  situation. 
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The  supplier,  Mach  I  Inc.,  was  willing  to  deliver  some  samples  of  these  microencapsulated  chemical 
sensors  to  the  PML/TNO  for  testing  purposes.  Some  characteristics  of  these  sensors  as  presented  by 
the  supplier  are  summarized  in  the  next  table: 


GAMES  sample 

particle 
diameter  range 

wall  thickness 

Shear  stress 
at  10%  rupture 

Shear  stress 
at  90%  rupture 

lot  19-67A 

63-74p 

0.40±0.03p 

~  llOkPa 

~  240  kPa 

lot  25-11 

<44p. 

0.87±0.00p 

~  500  kPa 

~  2600  kPa 

As  a  start  GAMES™  Lot  19-67 A  was  used  by  setting  up  a  calibration  curve.  This  was  done  by 
accurately  preparing  samples  of  inert  filler  and  prepolymer  binder  with  well-known  fi'actions  of 
ruptured  and  umuptured  CAMES-particles.  These  samples  were  extracted  and  tested  with  a 
Spectrophotometric  analysis  technique  (extraction  liquid:  xylene;  extinction  peak  at  525  nm;  overall 
concentration  GAMES:  0.20%).  The  resulting  calibration  curve  could  be  fitted  with  the  exponential 
equation: 

E(525)  =  0.309  [1] 

In  which: 

E(525)  =  Photospectrometric  extinction  at  525nm 
FRG  =  fi'action  ruptured  GAMES-particles 

Based  on  earlier  presented  data  of  the  supplier,  it  was  assumed  that  an  almost  linear  relationship  exists 
for  the  tested  lot  19-67 A  with  a  maximum  shear  stress  at  100%  rupture  of  about  260  kPa.  Based  on 
this  assumption  the  following  equation  approximates  the  relationship  between  shear  stress  and  fi'action 
of  ruptured  GAMES™-particles  lot  19-67  A: 

Shear  stress  =  163  *  FRG  +  94  [kPa]  [2] 

And,  by  combining  these  two  equations,  the  following  relationship  between  the  shear  stress  and  the 
extinction  at  525nm  can  be  derived: 


Shear  stress  88*lnE(525)  +  197  p<Pa] 


[3] 
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This  lot  GAMES™  was  tested  in  similar  extrusion  trials  as  was  performed  with  the  HE-sensor 
additives.  By  this  method  the  shear  stresses  at  which  reaction  occured  in  the  HE-sensor  compositions 
can  be  determined  quite  accurately. 

The  following  data  were  monitored  continuously  during  these  trials: 

•  absorbed  power  on  the  drive  in  kW 

•  drive  torque 

•  pressure  of  product  in  process  unit  and  head  constmction 

•  temperature  of  product  in  process  unit  and  head  constmction 

•  feeding  rates  of  components 


5.  RESULTS 


Of  all  compositions  with  the  prepolymer  HTPB  only  those  with  PETN  as  HE-thermochemical  sensor 
showed  a  heat-generating  reaction.  In  comparison  to  the  other  HE-sensor  compositions  (RDX,  TNT 
and  HMX)  with  comparable  SL-ratios‘,  these  results  points  of  an  effect  only  caused  by  the  higher 
sensitivity  to  friction  of  PETN,  because  the  TG/DTA/DSC-onset  temperature  of  this  type  of  PETN- 
composition  is  almost  the  same  as  for  the  TNT-composition. 

The  same  behavior  could  also  be  extracted  from  the  results  with  the  PPG-prepolymer.  In  comparison 
with  the  RDX-  and  HMX-sensor  compositions  the  PETN-compositions  showed  a  remarkable  heat 
generating  effect  and  change  of  colour  of  the  product.  As  with  the  HTPB-compositions,  this  could 
only  be  suppressed  by  increasing  the  liquid  binder  content. 

However,  another  transition  could  be  recognized,  in  which  the  RDX-sensor  based  compositions 
showed  a  remarkable  temperature  increase  and  change  of  colour  of  a  part  of  the  product  at  the  lowest 
binder  concentrations  (about  10.5  wt%,  SL-ratio  3.3).  Such  a  reaction  did  not  occur  with  the  HMX- 
sensor  compositions  with  comparable  SL-ratios.  This  heat  generating  effect  cannot  be  related  to  the 
friction  sensitivity,  because  HMX  shows  the  highest  sensitivity  between  these  two  HE-components. 


'  SL-ratio:  Solid/Liquid  volume  ratio,  these  values  can  be  used  for  comparison  purposes  between  different 
combinations  of  fillers  and  liquids 
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Some  other  remarkable  reactions  were  observed  during  the  trials  with  the  TNT/PPG-compositions.  In 
one  test  (8.5  wt%  binder,  SL-ratio  4.1)  a  moderate  burning  reaction  occurred,  while  a  second  test  with 
a  higher  liquid  content  (11  wt%  binder,  SL-ratio  3.1)  was  prematurely  interrupted  to  avoid  another 
hazardous  reaction.  Also,  by  comparison  of  the  different  trials,  this  heat  generating  effect  cannot  be 
related  to  the  friction  sensitivity  of  the  specific  HE-sensor.  Besides,  it  can  be  assumed  that  the  TNT- 
erystals  are  melted  during  the  highest  value  of  shear  flow  in  the  head  construction  since  the  recorded 
product  temperatures  exceeded  this  phase  transition  temperature. 

The  most  likely  explanation  for  these  phenomenona  is  the  thermal  behavior  of  the  extruded  product, 
due  to  the  heat-up  of  the  material  above  the  onset  temperature  of  the  composition.  This  heat-up  is 
mainly  caused  by  the  rotational  fiiction  of  both  screw-tips  with  the  pressurized  product  within  the  head 
construction. 

The  maximum  peak-pressures  during  these  trials  ranged  from  10  upto  60  bars.  These  values  are  lower 
than  the  pressures  which  are  needed  by  statically  pressing  HTPB-based  Gun  Propellant  strands  (60-90 
bar).  In  related  literature  comparable  extrusion  process  pressures  are  summarized  from  40  upto  90  bar 
(solvent  extrusion  processing  of  7-  and  19-holes  Double  Base,  CAB/RDX-based,  triple-based  M30 
and  Kraton  modified-M30  GP-strands  in  twin-screw  extruders)  [3,4,6].  The  maximum  product 
temperatures  during  the  trials  with  no  reactions  at  all  (65-69DC)  are  comparable  to  literature  data  as 
well  [6]. 

During  the  extrusion  trials  with  the  GAMES™  sensor  (lot  19-67 A)  samples  of  the  product  were  taken 
after  running  at  an  adjusted  rotational  speed  of  the  screws  for  about  20  minutes,  after  which  the 
samples  were  analysed  with  an  extraction/spectrophotometric  technique.  These  analysis  results  were 
incorporated  in  equation  [3]  to  calculate  the  value  of  the  shear  stresses.  From  these  measurements, 
values  were  found  in  between  80  and  190  kPa  for  SL-ratios  from  3.5  to  4.3  and  rotational  speeds  of  70 
to  150  rpm. 


96-9 


From  these  experimental  trials  the  following  provisional  safety  limit  values  for  solventless  extrusion 
processing  of  RDX-  and  HMX-based  energetic  compositions  were  extracted: 


•  temperature  rise  product  above  last  barrel  temperature  :  <  10°C 

•  peak  pressure  of  product  in  barrel  :  <  70  bar 

•  torsion  main  drive  :  <  25  Nm 

•  shear  stress  :  <150kPa 

•  SL-ratio  ;  <3.3 


7.  PROCESSED  ENERGETIC  COMPOSITIONS 


Besides  process  parameters,  also  the  accuracy  of  the  feeding  process  is  very  critical  in  respect  to 
safety.  Due  to  the  periodical  fluctuations  of  the  solid  and  liquid  feeding  units  an  unsafe  condition 
could  arise  recurrently,  by  exceeding  the  required  SL-ratio  upto  or  crossing  the  limit  value.  Most 
such  irregularities  from  the  feeding  units  are  dimmed  in  this  TSK045-extruder,  since  the  periodical 
fluctuations  of  the  gravimetric  units  are  lower  as  about  20%  of  the  mean  residential  time  in  the 
processing  unit. 

Based  on  the  provisional  safety  limits  the  following  first  PBX-batches  were  processed  safely  on  the 
TSK045-extruder: 


CODE 

RDX-wt% 

TYPE  RDX 

ECXlOOl/1 

79.9  ±  1.2 

20p 

ECXlOOl/2 

82.8  ±  1.0 

20p 

ECXlOOl/3 

84.0+1.0 

20n 

ECX1003 

84.0  ±1.2 

20n 

ECX1004/1 

86.2  ±  1.4 

18p 

ECX1004/2 

86.5  ±  0.7 

18p 

ECX1005 

86.7  ±  0.5 

180p 

Binder/Curing  Agent:  HTPB/IPDI 
Plasticizers:  DOA,  IDP 

Additive:  Dantocol  DHE 
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The  distribution  values  of  the  RDX-concentration  are  based  on  the  periodical  fluctuations  of  the 
feeding  units  and  thus  are  only  representative  for  the  initial  composition  which  enters  the  processing 
unit  or  in  the  case  the  extruder  is  considered  as  a  tube  reactor  with  no  backmixing  effects  at  all.  In  fact, 
due  to  backflow  at  some  of  the  mixing  elements  and  in  front  of  the  head  constmction  most  of  these 
fluctuations  are  dimmed  to  a  much  lower  value  for  the  finally  processed  compositions. 


6.  MAIN  CONCLUSION 

Provisional  safety  limit  values  for  extmsion  processing  of  composite  materials  could  be  extracted  by 
using  “mimics”  with  small  amounts  of  energetic  ingredients  and/or  microencapsulated  chemical 
sensors  (Carnes™). 

By  using  these  safety  limits  PBX-compositions  based  on  unimodal  RDX  could  be  processed 
solventless  on  the  TSK045-extruder  with  a  solid  loading  upto  87wt%  (SL-ratio  »  3.1). 
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SUMMARY 

The  poster  describes  the  design  of  a  small  scale  laboratory  twin  screw  extrusion  compounding 
facility  based  upon  a  24mm  twin  screw  extruder  now  installed  at  DERA  Fort  Halstead.  The 
design  methodology  of  the  extruder,  and  ancillary  equipment  such  as  loss  in  weight  feeders, 
to  ensure  safety  for  energetics  materials  processing  is  discussed.  The  role  of  computer  based 
process  control  systems  is  described  together  with  an  assessment  of  the  safety  of  the  total 
process. 

INTRODUCTION 

The  development  of  new  energetic  materials  formulations  for  gun  and  rocket  propellants  and 
high  explosives  which  meet  the  various  criteria  of  higher  performance  but  with  reduced 
vulnerability  will  need  to  make  use  of  the  new  energetic  binders  and  energetic  solids  now 
being  researched  and  developed  in  the  laboratory.  Exploitation  of  new  materials  will  require 
evidence  of  their  usability  in  compositions  and  will  therefore  require  appropriate  formulation 
technology.  Some  materials,  such  as  energetic  TPEs,  may  not  be  readily  processable  using 
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conventional  batch  mixing  techniques,  whilst  other  materials  may  only  be  available  in  small 
laboratory  scale  quantities  at  high  cost.  The  DERA  therefore  required  to  develop  a  process 
which  was  configurable  for  a  wide  range  of  materials  and  which  could  be  used,  both  for 
initial  processing  studies  with  new  ingredients  and  the  small  scale  processing  of  formulations 
for  early  trials  purposes. 

A  review  of  techniques  used  for  processing  conventional  polymers  Indicated  twin  screw 
extrusion  compounding  to  be  a  versatile  technique  which  was  also  finding  application  in  the 
explosives  field.  An  analysis  by  the  Thiokol  Corporation  at  their  Longhorn  Division  has 
demonstrated  that  the  use  of  a  remotely  controlled  compounding  extruder  for  the  manufacture 
of  flare  compositions  greatly  reduces  the  risk  to  personnel  when  compared  to  more 
conventional  batch  processing  techniques.  The  more  intensive  mixing  regime  generated  in 
twin  screw  extruders  also  offered  the  potential  of  improved  mixing  and  performance  of 
formulations  compared  to  those  manufactured  by  conventional  batch  processes. 

There  are  a  number  of  designs  of  twin  screw  extruder  based  on  the  direction  of  rotation  of  the 
shafts,  the  degree  of  intermeshing  between  the  screws  and  the  screw  profiles.  After  careful 
consideration  of  all  aspects  of  design,  and  the  implications  on  both  safety  and  processing 
capabilities,  a  laboratory  scale  24mm  co-rotating  machine  with  fully  intermeshing  self  wiping 
screws  was  selected. 

DESCRIPTION  OF  PLANT 

The  plant  comprises  four  basic  units 

•  extruder 

•  feeders 

•  control  system 

•  post  die  operations 

O 

Extruder  :  One  major  design  consideration  was  whether  to  select  a  segmented  barrel  or  elam 
shell  design.  If  it  was  necessary  to  rapidly  vent  the  barrel  the  clam  shell  design  offers 
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significant  advantages.  Firstly  the  complete  length  of  the  screw  is  exposed  rapidly  whereas 
with  a  segmented  design  there  is  a  considerable  time  delay  before  the  screw  tips  are  exposed. 
Secondly  the  very  act  of  withdrawing  the  barrel  segments  over  the  screws  may  in  itself 
constitute  a  frictional  hazard  and  cause  an  ignition.  A  clam  shell  design  of  barrel,  with  an  1/d 
of  20/1,  was  finally  selected. 

To  allow  the  greatest  versatility  in  configuration  for  processing  the  screws  are  segmented. 
However  for  large  scale  manufacture  monolithic  screws  would  be  chosen  to  minimise  the  risk 
of  material  becoming  trapped  between  the  segments  and  the  shafts. 

Feeders  :  The  choice  of  feeders  was  based  upon  the  presumption  that  a  likely  composition, 
similar  to  a  PBX  would  be  based  on  a  liquid  binder,  a  plasticiser  with  curative,  and  a  bimodal 
filler.  For  accuracy  two  liquid  and  two  powder  loss  in  weight  feeders  were  selected  from 
Brabender.  The  standard  design  of  the  powder  feeders  is  also  being  changed  to  incorporate 
low  pressure  blow  out  discs  at  the  base  of  the  hoppers  to  prevent  any  build  up  of  pressure. 

Control  system  :  Control  of  the  system  is  via  a  Supervisory  Control  And  Data  Aquisition 
(SCADA)  software  package  (ex  Eurotherm)  loaded  onto  client  and  server  PCs.  All  process 
parameters  are  controlled  via  the  two  computers,  and  in  the  event  of  one  failing  the  other  is 
capable  of  ruiming  the  system.  Set  point  values  for  all  process  parameters  are  input  together 
with  hi,  hi-hi,  lo  and  lo-lo  alarms  and  actual  values  are  data  logged  as  the  machine  is  running 
providing  a  history  of  the  process.  Once  correct  parameters  are  achieved  and  the  process  is 
ruiming  satisfactorily  the  recipe  values  may  be  saved  to  disc  for  futme  use.  This  aspect  is 
particularly  useful  where  repeat  trials  are  required,  or  in  a  manufacturing  environment  where 
different  formulations  are  processed. 

If  any  parameter  goes  out  of  limit  a  warning  is  given  automatically.  Should  the  alarm  not  be 
corrected,  or  the  hi-hi  or  lo-lo  value  be  reached  the  complete  process  undergoes  an  automatic 
shut  down  procedure  which  results  in  all  feeders  stopped,  the  main  drive  stopped  and  the 
barrel  open.  If  the  process  goes  out  of  control  very  rapidly,  then  hard  wire  alarms  on  torque, 
pressure  and  temperature  cause  an  immediate  and  automatic  safe  shut  down.  The  barrel  is 
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positively  clamped  under  hydraulic  pressure  and  safe  shut  down  initiates  dumping  of  the 
hydraulic  oil,  releasing  the  barrel. 

The  control  hierarchy  is  depicted  in  Figure  1. 

Post  die  operations  :  The  extrudate  is  removed  by  the  use  of  a  pneumatically  controlled 
haul-off  system  comprising  a  number  of  belts,  onto  which  lengths  up  to  2m  can  be  extruded 
and  left  to  cure.  The  system  is  ideally  suited  to  the  production  of  high  performance  LOVA 
gun  propellant  cord. 

SAFETY 

Safety  in  operation  is  of  course  of  prime  importance.  The  fact  that  the  plant  is  operated 
remotely  significantly  reduces  the  risk  to  operators  but  the  risk  to  the  plant  is  high.  To 
minimise  this  risk  the  design  philosophy  has  been  to  reduee  the  risk  of  an  ignition  occurring 
and  if  it  does  then  to  encourage  rapid  release  of  any  pressure  rise  and  to  reduce  containment 
thereby  minimising  the  risk  of  an  ignition  miming  to  detonation.  It  is  to  be  hoped  therefore 
that  any  event  would  be  limited  to  a  bum.  If  any  heat  source  is  detected  by  UV  detectors  then 
high  pressure  water  drenchers  are  automatically  activated. 

In  designing  the  equipment  a  number  of  areas  were  identified  which  represented  a  high  risk  of 
an  ignition  or  event,  in  particular  the  inter-action  between  the  screws/barrel  and  explosive  in 
both  the  powder  feeders  and  the  extmder  and  the  design  of  the  extmsion  die.  Should  such  an 
event  occur  then  it  is  hoped  that  the  design  of  the  control  system  and  the  safe  shut  down 
sequences  would  minimise  any  possible  damage  to  the  plant  by  limiting  the  event  to,  at  worst, 
a  fire. 

Hazard  data  (F  of  I  &  F  of  F)  :  The  inter-action  between  the  screws  of  both  the  powder 
feeders  and  the  extmder  constitute  an  effect  similar  to  a  combined  impact  and  rotary  friction 
test  due  to  rotational  and  possible  sideways  motions  of  the  screws.  Possible  solutions  rely  on 
desensitisation  of  the  nitramine  filler  and  the  use  of  materials  of  constraction  which  reduce 
any  hazard. 
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For  reasons  of  safety  it  is  not  possible  to  process  dry  nitramines  and  for  processing  a 
desensitising  agent  is  required.  However  for  the  feeders  to  accurately  dispense  the  powder 
the  addition  of  a  liquid,  such  as  binder  or  plasticiser,  must  not  adversely  affect  the  flow 
properties  of  the  powder.  A  series  of  formulations,  using  RDX  Grade  1  Fine  with  a  specific 
surface  of  5000  to  7000cmVcm^,  were  prepared  with  per  cent  increments  of  dioctyl  sebacate 
(DOS),  and  subjected  to  rotary  friction,  impact  and  electric  spark  hazard  tests.  Results,  Table 
1,  indicated  that  whilst  the  DOS  did  not  have  an  appreciable  affect  on  the  Figure  of  Friction  a 
significant  reduction  in  impact  hazard  was  achieved  at  DOS  additions  >3%.  Moreover  at  this 
level  of  addition  the  flow  behaviour  of  the  powder  was  not  adversely  affected.  Therefore  to 
desensitise  the  nitramine  against  an  impact  stimulus  3%  DOS  would  be  sufficient  to 
significantly  reduce  the  risk  of  ignition  but  other  considerations  would  have  to  be  applied  to 
reduce  the  risk  due  to  friction. 

Work  some  years  previously  by  Cooke  and  reproduced  in  Table  2  indicated  that  the 
hardness  of  the  anvils  in  a  rotary  friction  test  had  a  significant  effect  on  the  outcome  of  the 
test  and  the  use  of  anvils  with  lower  hardness  than  steel  could  significantly  reduce  the 
potential  risk  of  ignition  when  a  friction  stimulus  was  applied.  However  the  use  of 
conventional  engineering  polymers  with  poor  electrical  conductivity  properties  could 
introduce  a  further  hazard  associated  with  electrostatic  charging.  An  extensive  survey  of 
available  materials  resulted  in  a  highly  modified  grade  of  polyetheretherketone  (PEEK)  being 
selected  for  the  manufacture  of  both  extruder  screw  elements  and  the  feeder  screws.  This  had 
good  thermal,  mechanical  (including  wear)  and  electrical  conductivity  characteristics.  In  a 
rotary  friction  test,  with  a  conventional  rotating  steel  wheel  with  modified  PEEK  anvils,  a 
Figure  of  Friction  >6  was  obtained  with  RDX,  a  result  which  is  in  accordance  with  previous 
data.  At  present  only  limited  trials  have  been  conducted  to  ascertain  the  actual  wear 
characteristics  of  the  material,  but  early  indications  are  encouraging. 

Though  the  reported  wear  characteristics  of  PEEK  are  extremely  good  it  must  be  remembered 
that  further  hazards  may  be  produced  by  possible  embedding  of  particulate  fillers  in  the  screw 
leading  to  wear  and  other  chemical  instabilities.  Also  particles  produced  by  wear  of  the 
polymer  may  also  introduce  a  stability  problem  with  some  energetic  compositions. 
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Critical  height :  In  operation  the  largest  concentration  of  explosive  materials,  and  therefore 
potentially  the  area  of  greatest  risk,  will  be  in  the  hoppers  of  the  two  powder  feeders.  A 
sample  of  RDX  Grade  1  Fine  with  a  specific  surface  of  5000  to  7000cm Vcm^  was  prepared 
with  3%  addition  of  DOS  as  shown  in  other  trials  to  offer  the  optimum  desensltisatlon.  Initial 
trials  used  a  95nim  internal  diameter  tube  filled  to  a  maximum  height  of  18.5  cms  which 
equated  to  1  Kg  of  RDX/DOS.  Using  an  E  Type  fuze  head  with  either  CK2  or  SR886F  as  an 
ignition  system  both  dry  RDX  and  RDX/DOS  97/3  burnt  gently  with  no  damage  to  the  tube. 
A  second  series  of  tests  was  performed  using  a  50mm  diameter  tube  which  allowed  a 
maximum  height  of  75cms  with  IKg  of  RDX,  representing  a  severe  50%  overtest  compared 
to  the  maximum  height  in  the  feeder  hopper  of  50cms.  In  this  series  a  cardboard  disc  was 
taped  across  the  top  and  base  of  the  tube  to  minimise  ejection  of  unbumt  material  and  the 
contents  were  firmly  tamped  down.  At  heights  up  to  75cms  the  explosive  burnt  vigorously. 
Only  in  the  case  of  the  dry  RDX  at  maximum  height  (75cms)  was  there  any  event  other  than 
burning  but  this  was  of  low  order  and  not  a  detonation. 

FUTURE  PROGRAMME 

Much  of  the  immediate  programme  is  concerned  with  characterising  the  process  envelope  of 
the  various  items  of  equipment  and  in  particular  the  limits  for  safe  processing  with 
explosives.  In  particular 

•  Performance  characteristics  of  the  loss  in  weight  feeders,  e.g.  the  variation  of  feed 
rate  with  time 

•  Improvements  in  die  design  to  minimise  shear  heating 

•  Wear  characteristics  of  the  polymer  screw  elements 

•  Extruder  process  parameters  (including  maximum  throughput,  particle 
comminution,  safe  operating  envelope  for  explosive  ingredients). 


SI  -  1 


REFERENCES 

1 .  Processing  Flare  compositions,  D  Turner,  Continuous  Mixer  and  Extruder  Users  Group, 
December  1990 

2.  The  manufacture  of  high  performance  composite  propellants  and  novel  charges  by  batch 
and  continuous  extrusion  processes,  E  M  G  Cooke,  Propellants,  Explosives,  Pyrotechnics 
15235-242,1990 

ACKNOWLEDGEMENTS 

The  authors  thank  Mr  L  Featherstone  for  the  critical  height  firing  trials. 

©  British  Crown  Copyright  1998  /  DERA 

Published  with  the  permission  of  the  Controller  of  Her  Britannic  Majesty’s  Stationery  Office 


97-8 


%RDX 

99 

98 

97 

96 

95 

94 

%DOS 

1 

2 

3 

4 

5 

6 

Fofi 

95 

100 

108 

111 

114 

121 

FofF 

2.7 

3.7 

3.8 

3.2 

3.5 

3.2 

Electric  spark  test  (J) 

ignition  at  4.5J 

yes 

yes 

yes 

n/a 

n/a 

n/a 

ignition  at  0.45  J 

no 

no 

no 

yes 

yes 

yes 

ignition  at  0.045J 

n/a 

n/a 

n/a 

no 

no 

no 

Table  1  ;  Effect  of  DOS  as  a  Desensitiser  of  RDX  Grade  1  Fine 


Explosive 

Materials  tested  under  70kg  load 

Velocity  of  wheel  for  a  50% 

explosion  point  (m/s) 

1  Wheel 

Anvil 

Material 

Hardness 

Material 

Hardness 

RDX 

s/s 

500 

mild  steel 

200 

2.5  0.1 

RD2423 

s/s 

500 

mild  steel 

200 

2.5  0.2 

RD2423 

s/s 

300-330 

mild  steel 

200 

2.7  0.1 

RD2423 

s/s 

500 

grp 

50 

4.7  0.2 

(across  ends) 

RD2423 

s/s 

500 

grp  (aligned) 

50 

4.5  0.2 

RD2423 

s/s 

500 

Japanese  oak 

n/a 

no  ignition  at  7 

RD2423 

s/s 

500 

Cablec  874 

n/a 

no  ignition  at  7 

RD2423 

s/s 

500 

Tufhoi 

n/a 

no  ignition  at  7 

RD2423 

s/s 

500 

nylon  66 

30 

no  ignition  at  7 

RD2423 

s/s 

450 

s/s 

450 

1.41  0.06 

RD2423 

s/s 

500 

tool  steel 

675-695 

1.23  0.12 

RD2423 

s/s 

450 

mild  steel 

293-296 

2.75  0.1 

[Diamond  hardness  measured  using  Cabui  penetrascope] 

Table  2  :  Variation  of  rotary  friction  with  substrate  hardness 


SYSIEM  VARIABLE  OUTPUTS 

CONTROLLERS 
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Figure  1 ;  Control  hierarchy 
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UBERWACHUNG  DES  EXTRUSIONSPROZESSES  MIT 
NAHINFRAROT  (NIR)-SPEKTROSKOPIE 

Thomas  Rohe,  Sabine  Kbile,  Helmut  Nagele,  Norbert  Eisenreich 

Fraunhofer-lnstitut  fur  Chemische  Technologie  (ICT),  Joseph-von-Fraunhofer-StraBe  7, 

76327  Pfinztal  (Berghausen) 


Abstract 

In  recent  years  near  infrared  (NIR)  spectroscopy  developed  to  a  frequently  used  tool  for 
analysis  of  chemical  manufacturing  processes,  especially  for  determination  of  compositi¬ 
ons  or  concentrations.  These  informations  are  of  high  interest  for  many  processes  in  the 
chemical  industry.  A  concrete  example  is  polymer  extrusion,  where  the  extrusion  of  pro¬ 
pellants  and  explosives,  which  themselves  are  highly  filled  polymers,  play  an  important 
role.  In  this  case  the  mentioned  parameters  decide  on  the  quality  of  the  final  products 
(e.g.  propellants)  and  therefore  on  the  reliability  of  corresponding  weapon  systems. 
Hence  a  continuous  quality  control  of  the  extrusion  process  by  NIR  spectroscopy  will  be 
a  contribution  to  improved  manufacturing  processes. 

In  this  paper  the  development  of  a  suitable  measurement  technology  for  controlling 
extrusion  processes  is  reported.  The  system  itself  is  a  transmission  measuring  system 
consisting  of  fiber  optic  probes  and  a  flow  cell,  which  can  be  adapted  to  different  ex¬ 
truders  for  in-line  measurements.  First  measurements  at  pure  polymer  extrusion 
processes  demonstrate  the  applicability  of  the  system.  Use  of  multivariate  data  analysis 
allowed  a  first  estimate  on  the  accuracy  of  the  developed  method.  Deviation  between' 
predicted  and  measured  polymer  composition  of  a  PE/PP  blend  was  below  2  %.  An  in¬ 
crease  of  the  accuracy  can  be  expected  due  to  improved  modelling. 

1  Einfuhrung 

Moderne  Treib-  und  Explosivstoffe  sind  zumeist  kunststoffgebundene  Explosivstoffe 
(plastic  bonded  explosives,  PBX)  [1].  Hierbei  bildet  ein  Polymer,  das  sich  bei  der  chemi- 
schen  Reaktion  zweier  Komponenten  bildet  und  als  Brennstoff  und  Bindemittel  dient, 
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das  Matrixmaterial.  In  diese  Matrix  bettet  man  vor  dem  Ausharten  kristalline  Explosiv- 
stoffe,  wie  z.B.  Hexogen  oder  Octogen,  ein.  Der  Polymeranteil  (10  bis  20  %)  verleiht  der 
fertigen  Masse  eine  kautschukartige  Elastizitat,  wodurch  diese  Massen  z.T.  auch  extru- 
dierbar  sind.  Bei  der  Herstellung  und  Verarbeitung  dieser  Stoffe  ist  besonderer  Wert  auf 
eine  gleichbleibende  Qualitat  zu  legen,  da  diese  die  Eigenschaften  des  Endproduktes 
wesentlich  beeinfluBt.  Urn  das  sicherstellen  zu  konnen,  bedarf  es  daher  zusatzlicher 
Kontrollen  im  HerstellungsprozeB,  die  in-  bzw,  on-line  (d.h.  in  bzw.  an  der  Fertigungsli- 
nie)  erfolgen  mussen.  Denn  nur  so  konnen  Stoffe  minderer  oder  gar  unzureichender 
Qualitat  noch  vor  der  Weiterverarbeitung  zum  Produkt  erkannt  und  verworfen  warden. 
Solch  eine  Qualitatskontrolle  kann  mit  Hiife  der  Nahinfrarot  (NIR)-Spektroskopie  vorge- 
nommen  warden. 

In  den  letzten  Jahrzehnten  ist  die  Nahinfrarot  (NIR)-Spektroskopie  zu  einem  intensiv  ge- 
nutzten  analytischen  Werkzeug  in  vielen  verschiedenen  Anwendungsfeldern  geworden 
[2],  u.a.  auch  bei  Treib-  und  Explosivstoffen  [3,4].  Die  ProzeBanalyse  und  -uberwachung 
mit  NIR-Spektroskopie  eroffnet  dabei  neue  Moglichkeiten  fur  verbesserte  Prozesse,  ins- 
besondere  bei  der  Polymerverarbeitung  [5].  Diese  neuen  Kontrollkonzepte  konnen  zum 
Beispiel  im  ExtrusionsprozeB  genutzt  werden,  urn  das  Wissen  uber  das  verarbeitete  Ma¬ 
terial  zu  vergroBern.  Derzeit  werden  hauptsachlich  stichprobenartige  off-line  Messungen 
angewandt,  urn  z.B.  Zusammensetzung,  mechanische  Eigenschaften,  Feuchte,  etc.  zu 
bestimmen.  Dieses  geringe  Informationsniveau  uber  das  gerade  verarbeitete  Produkt 
kann  zu  groBen  Verlusten  fuhren,  was  auf  den  Zeitverzug  zwischen  der  Detektion  unzu¬ 
reichender  Produktqualitat  im  Labor  und  der  Reaktion  im  ProzeB  selbst  zuruckzufuhren 
ist.  Dieser  Zeitverzug  kann  bis  zu  einigen  Stunden  betragen  und  verursacht  u.U.  groBe 
Abfallmengen,  da  Produkte,  die  den  vorgegebenen  Qualitatsanforderungen  nicht  ent- 
sprechen,  in  vielen  Fallen  nur  noch  entsorgt  werden  konnen.  Die  NIR-Spektroskopie 
kann  bier  zusatzliche  Informationen  wie  z.B.  Feuchte  oder  Zusammensetzung  in-situ 
liefern. 

Die  Moglichkeiten  der  in-line  NIR-Spektroskopie  zur  Bestimmung  von  Extrudatzusam- 
mensetzungen  werden  im  folgenden  am  Beispiel  von  Polymerschmelzen  aufgezeigt. 
Hierbei  stellt  die  Polymerschmelze  tediglich  ein  Dummy-Material  dar,  an  dem  die  An- 
wendbarkeit  der  MeBmethode  als  solche  untersucht  werden  sollte.  In  einem  spateren 
Schritt  soli  dann  die  MeBtechnik  soweit  weiterentwickelt  werden,  daB  sie  die  Untersu- 
chung  von  Treib-  und  Explosivstoffen  im  VerarbeitungsprozeB  zulaBt. 
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Die  Probleme  bei  der  Realisierung  der  oben  angefuhrten  MeBtechnologie  sind  vielseitig: 

•  die  Sensoren  sind  heiBer  und  unter  Druck  stehender  Polymerschmelze  ausge- 
setzt,  die  auch  korrosiv  sein  kann; 

•  das  angewandte  Spektrometer  muS  den  rauhen  Umgebungsbedingungen  wi- 
derstehen; 

•  die  Datenverarbeitung  muB  schneil  und  zuverlassig  sein; 

•  das  komplette  System  muB  dkonomisch  und  sehr  robust  sein. 

In  dem  vorliegenden  Beitrag  wird  ein  MeBsystem  fur  in-line  Transmissions-NIR- 
Spektroskopie  bei  Polymerextrusionsprozessen  vorgestellt,  das  diesen  Randbedingungen 
genugt.  Die  Anwendung  zur  Bestimmung  der  Extrudatzusammensetzung  wird  anhand 
eines  PE/PP-Blends  demonstriert.  Die  Ergebnisse  werden  besonders  in  Bezug  auf  die 
Anwendung  bei  der  Extrusion  von  Treib-  und  Explosivstoffen  bewertet  und  diskutiert. 

2  Methode  und  Materialien 

2.1  Ausrustung 

Fur  die  Aufschmeizung  von  festem  Kunststoffgranulat  wird  ein  20  mm  Einschneckenex- 
truder  (Haake  Rheomex  252)  mit  einem  Lange/Durchmesser-Verhaltnis  von  25  benutzt. 
Das  maximale  Drehmoment  betrSgt  100  Nm,  der  maximale  Schmelzedruck  liegt  bei  7 
GPa.  Das  Temperaturprofil  kann  uber  vier  unabhangige  Heizzonen  (inclusive  Duse)  ein- 
gestellt  werden.  Die  maximale  Wandtemperatur  am  Zylinder  betragt  400  °C.  Eine  Kon- 
trolleinheit  reguliert  die  Extrusionsbedingungen  und  registriert  automatised  Drehmo¬ 
ment  und  Schneckendrehzahl. 

Zwischen  dem  Ende  der  Schnecke  und  der  Duse  befindet  sich  ein  Adapter,  der  zu  einer 
DurchfluBzelle  umfunktioniert  wurde,  die  ihrerseits  Adapter  und  Sensoraufnahme  in 
einem  Bauteil  vereinigt.  In  der  DurchfluBzelle  sind  zwei  faseroptische  Sensoren  derart 
installiert,  daB  sie  sich  gegenuberliegen  urn  Lichtstrahlung  durch  die  Schmelze  leiten  zu 
konnen  (Abb.  1).  Daher  passiert  die  Polymerschmelze  die  MeBzone  noch  im  Extruder 
und  wird  somit  einer  echten  in-line  Messung  unterzogen.  Der  Abstand  zwischen  den 
Sensoren  kann  durch  das  Einfuhren  von  Abstandshaltern  variiert  werden,  woraus  sich 
Weglangen  zwischen  0  und  10  mm  ergeben.  Die  Sensoren  sind  mittels  Lichtwellenleiter 
mit  einer  Lichtquelle  bzw.  einem  AOTF-NIR-Spektrometer  (siehe  Kap.  2.3)  verbunden. 
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Abbildung  1:  Schema  des  MeBkopfes  mit  integrierten  faseroptischen  Sensoren. 

2.2  Sensoren 

Faseroptische  Sensoren  fur  in-line  Beobachtung  von  Polymerextrusionsprozessen  mussen 
verschiedene  Anforderungen  erfullen.  Hierbei  sind  zunachst  die  normalen  Extrusionsbe- 
dingungen  wie  hohe  Temperatur,  hoher  Druck,  hohe  Viskositat  und  Korrosivitat  der  Po- 
lymerschmelze  zu  nennen.  Thermische  Wechselbeanspruchung  aufgrund  von  ProzeBan- 
und  abfahrvorgangen  stellt  eine  weitere  Schwierigkeit  bei  der  Entwicklung  dar.  Fur  die 
Messung  mussen  die  Sensoren  Strahlung  effektiv  transportieren,  so  daB  die  Dampfung 
durch  die  optischen  Komponenten  gering  ist.  Chemische  Anforderungen  beziehen  sich 
auf  den  EinfluB  der  Sensoren  auf  das  Extrudat:  es  muB  sichergestellt  sein,  daB  die  Sen¬ 
soren  die  Extrudateigenschaften  nicht  beeinflussen.  Auf  der  anderen  Seite  mussen  die 
Sensoren  robust  und  preisgunstig  sein,  um  eine  breite  Akzeptanz  in  der  industriellen 
Anwendung  zu  finden. 

Das  Konzept  der  Sensoren  kann  in  zwei  Teiie  unterteilt  werden.  Der  erste  Teil  besteht 
aus  einer  Kugellinse,  die  auf  einen  Lichtwellenleiter  aufgeschweiBt  ist.  Beide  Komponen¬ 
ten  sind  aus  Quarz.  Diese  zentrale  Optik  ist  in  eine  Hulse  aus  Edelstahl  eingebettet.  Der 
Raum  zwischen  HGlse  und  Optik  ist  mit  einem  Kleber  ausgeftillt,  der  gegenuber  hohen 
Temperaturen  resistent  ist.  Ein  schutzendes  Gehause  in  Form  einer  weiteren  Hulse  ist 
der  zweite  Teil  des  Sensors.  Dieses  Gehause  beinhaitet  den  ersten  Teil  und  hat  eine  Off- 
nung  fur  die  Kugellinse,  so  daB  nur  ein  Teil  der  Linse  in  Kontakt  mit  der  Polymerschmel- 
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ze  steht.  Auf  der  anderen  Seite  des  Gehauses  ist  eine  Standard-SMA-Kupplung  fur  einen 
Lichtwellenleiter  angebracht.  Die  Verbindung  zwischen  den  beiden  Sensorteilen  ist  wie- 
derum  mit  einem  Kleber  hergestellt  worden.  Die  fertigen  Sensoren  sind  in  Abbildung  2 
zu  sehen. 


Abbildung  2:  Faseroptische  Sensoren.  AnschluBseite  mit  SMA-Stecker  (linker  Sensor) 
und  zur  Polymerschmelze  gerichtete  Seite  (rechter  Sensor), 

Die  Auswahl  dieser  Anordnung  hat  mehrere  Grunde.  Der  Gebrauch  von  Kugellinsen 
reduziert  die  Intensitatsverluste  im  Vergleich  zur  einfachen  Gegenuberstellung  von  zwei 
Lichtwellenleitern.  Dies  resultiert  in  einer  Gesamttransmission  von  12  %.  Durch  die  Wahl 
von  Quarz  als  Linsenmaterial  gibt  es  keine  Probleme  mit  hohen  Temperaturen,  da  Quarz 
bis  zu  800  °C  als  optisches  Material  elnsetzbar  ist.  Der  Unterschied  zwischen  den  ther- 
mischen  Ausdehnungskoeffizienten  von  Quarz  und  Gehausematerial  wird  durch  den 
eingesetzten  Kleber  aufgefangen,  so  dal3  es  keine  internen  Spannungen  gibt.  Auf  der 
anderen  Seite  sind  die  Ausdehnungskoeffizienten  des  Gehauses  und  der  DurchfluBzelle 
gleich,  so  dal3  eine  Spielpassung  zwischen  diesen  beiden  Teilen  ausreicht. 

Die  Nutzlichkeit  dieses  Sensor-Designs  ist  offensichtlich.  Es  wird  kein  By-pass  benutzt,  so 
daB  kein  AusschuB  produziert  wird,  und  das  verarbeitete  Material  selbst  untersucht 
wird.  Die  Kosten  fur  einen  Sensor  sind  gering,  well  keine  teuren  Materialien  (wie  z.B. 
Diamant-  Oder  Saphir-Fenster)  verwendet  werden.  Die  Handhabung  dieser  Sensoren  ist 
einfach,  da  sie  nur  in  die  DurchfluBzelle  eingeschraubt  werden  brauchen.  Die  Adaption 
an  andere  Extruder  ist  ebenfalls  unproblematisch,  well  die  Sensoren  nur  wenig  Platz  be- 
notigen  (leidglich  ein  M10  Bohrloch).  Alles  in  allem  lassen  diese  Vorteile  dieses  Sensor- 
Design  gunstig  fur  den  industriellen  Einsatz  erscheinen. 
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2.3  AOTF-NIR  Spektrometer 

Das  benutzte  AOTF-NIR  Spektrometer  wurde  ebenfalls  am  ICT  entwickelt  [6].  Es  besteht 
aus  den  Komponenten  Halogen-Lichtquelle,  Quarzfaseroptik,  akustooptisch  durch- 
stimmbaren  Filter  (acousto-optic  tunable  filter,  AOTF)  aus  Tellurdioxid  (TeOj),  Germani- 
um-Photodetektoren  (1 .000  bis  1 .800  nm)  und  einer  Kontroll-  und  Datenerfassungsein- 
heit.  Die  Scan-Geschwindigkeit  des  Spektrometers  betragt  1 .000  nm/ms  mit  einem  Zeit- 
verzug  von  10  ps  zwischen  zwei  Spaktralscans.  Die  Wellenlangenauflosung  von  2  bis  3 
nm  kann  fur  geringere  Scan-Geschwindigkeiten  erreicht  warden. 

AOTF-NIR-Spektrometer  haben  alle  notwendigen  Eigenschaften,  urn  in  einer  industriel- 
len  Umgebung  eingesetzt  zu  warden: 

•  Robustheit 

•  akzeptable  Kosten 

•  hohe  Scan-Geschwindigkeiten  (bis  zu  1 .000  Spektren  pro  Sekunde) 

•  Unempfindlichkeit  gegenuber  Storungen  durch  Verwendung  von  Faseroptiken 

•  schnelle  Datenerfassung  und  -verarbeitung  mittels  PC. 

All  diese  Vorteile  wurden  bereits  bei  Kunststoffidentifikations-Prozessen  in  Recycling- 
Anwendungen  gepruft  [7].  Daher  erscheint  das  entwickelte  Spektrometer  am  besten  fur 
den  industriellen  Einsatz  auf  dem  Gebiet  der  Polymerverarbeitung  geeignet  zu  sein. 

2.4  Materialien 

Fur  die  Untersuchungen  wurden  Kunststoffgranulate  von  Polyethylen  (PE-LD)  und  Poly- 
propylen  (PP)  eingesetzt  (siehe  nachstehende  Tabelle).  Diese  Materialien  wurden  als  rei- 
ne  Substanzen  und  als  Mischungen  eingesetzt.  Die  Mischungen  wurden  durch  abwie- 
gen  hergestellt,  wobei  die  Genauigkeit  der  Wiegung  +  0,01  g  betrug.  Daher  sind  alle 
Mischungsverhaltnisse  in  Gewichtsprozent  angegeben. 


Handelsname 

Hersteller 

MFI 

Polyethylen 

(PE-LD) 

ESCORENE 

EXXON 

Chemical 

MFI(190  °C;  2,16  kg): 
0,3  g  / 10  min 

hoch  viskos 

Polypropylen 

(PP) 

Hostalen  PP 

Floechst  AG 

MFI  (230  °C /2,16  kg): 
47  g  /  10  min 

niedrig  viskos 

99-7 


2.5  Experimentelles 

Der  Extruder  wird  auf  ein  vordefiniertes  Temperaturprofil  aufgeheizt,  entsprechend  dem 
zu  verarbeitenden  Material.  AnschlieBend  wird  er  mit  polymerem  Material  beschickt, 
Nach  der  Verarbeitung  im  Schneckenbereich  passiert  die  Schmelze  die  DurchfluSzelle, 
wobei  die  Nahinfrarot-Spektren  wahrend  dieses  Vorganges  aufgenommen  warden.  Die 
registrierten  Spektren  warden  abgespeichert  und  auf  einem  separaten  PC  ausgewertet. 
Neben  der  spektroskopischen  Messung  warden  zusatzlich  die  Parameter  Schmelzetem- 
peratur,  Schmelzedruck,  Drehmoment  der  Schnecke  und  Spektrometereinstellung  do- 
kumentiert.  Die  MeBzeit  fur  ein  Spektrum  (wobei  die  Mittelung  von  500  Einzelspektren 
eingeschlossen  ist)  betragt  etwa  0,5  Sekunden. 

3  Datenanalyse 

Die  aufgenommenen  Spektren  wurden  mit  dem  Software-Paket  The  Unscrambler^  der 
Firma  CAMO  Inc.  verarbeitet,  ausgewertet  und  analysiert.  Gebrauchliche  statistische 
Analysen,  wie  z.B.  Hauptkomponentenanalyse  (principal  component  analysis,  PCA), 
Hauptkomponentenregression  (principal  component  regression,  PCR),  Partial-Methode 
der  kleinsten  Fehlerquadrate  (partial  least  squares  analysis,  PLS),  stehen  innerhalb  dieses 
Programms  zur  Verfugung.  Fur  die  Untersuchungen  an  Polymerblends  wurde  nur  die 
PLS-Analyse  [8]  benutzt,  die  bier  nur  grob  skizziert  warden  soli. 

Bei  der  PLS-Analyse  wird  ein  Satz  von  Spektren  unterschiedlicher  Polymermischungen  fur 
eine  Art  Lernprozedur  verwendet.  Die  Spektren  werden  in  ihre  Hauptkomponenten  zer- 
legt,  d.h.  die  wesentlichen  spektralen  Informationen  in  Bezug  auf  die  Zusammensetzung 
des  Polymerblends  werden  herausgefiltert.  Mit  diesen  Hauptkomponenten  konnen  nun 
andere,  unbekannte  Spektren  derart  angefittet  werden,  daB  sich  daraus  uber  ein  Re- 
gressionsverfahren  die  Zusammensetzung  des  untersuchten  Gemisches  vorhersagen 
laBt.  Diese  Vorhersage  wird  mit  einem  zweiten  Satz  von  Spektren  uberpruft  (validiert), 
urn  die  Zuverlassigkeit  des  PLS-Modells  zu  bestimmen.  Auf  diese  Weise  kann  die  Quali- 
tat  des  Modells  bereits  im  Vorfeld  ermittelt  werden. 

Die  fur  die  oben  genannte  Vorgehensweise  verwendeten  Spektren  bzw.  Datensatze 
wurden  schnell  hintereinander  aufgenommen,  so  daB  die  Spektren  die  gleiche  Mi- 
schung  reprasentieren.  Fur  die  Ersteliung  des  PLS-Modelts  wurden  je  20  Spektren  von  10 
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Mischungen  verwendet,  wohingegen  fur  die  Validierung  je  20  Spektren  von  8  Mischun- 
gen  genutzt  warden. 

4  Ergebnisse  und  Diskussion 

4.1  Technische  Ergebnisse  bezuglich  der  entwickelten  Sensoren 

Die  entwickelten  Sensoren  widerstehen  den  normalen  Extrusionsbedingungen.  Schmel- 
zetemperaturen  von  300  °C  und  Drucke  von  bis  zu  35  MPa  waren  unproblematisch.  Der 
komplette  MeBkopf  war  abgedichtet,  so  daB  keine  Schmelze  austreten  konnte.  Die  An- 
derung  der  Transmissionsstrecke  zwischen  den  beiden  Sensoren  konnte  problemlos 
durch  unterschiedliche  Einschraubtiefe  der  Sensoren  herbeigefuhrt  werden  und  beein- 
fluBte  dieses  Ergebnisse  nicht:  der  MeBkopf  war  immer  noch  dicht  und  die  Sensoren 
waren  unbeschadigt.  Obwohl  die  Sensoren  in  den  Schmelzekanal  hineinragen,  wird  der 
SchmelzefluB  in  Bezug  auf  Durchsatz  und  offensichtliche  FlieBinhomogenitaten  nicht 
gestort. 

Die  optischen  Eigenschaften  der  Sensoren  sind  fur  die  hier  beschriebene  Anwendung 
vollkommen  ausreichend.  Das  Licht,  das  die  Sensoren  verlaBt,  bildet  einen  Kegel  mit 
einem  Fokuspunkt  bei  etwa  2,5  mm,  ist  also  nicht  parallel.  Daher  eignen  sich  diese  Sen¬ 
soren  nicht  for  hochprazise  spektroskopische  Untersuchungen,  die  exakte  Extinktions- 
werte  zum  Ziel  haben.  Jedoch  sind  sie  absolut  tauglich  fur  spektroskopische  Messungen, 
die  lediglich  eine  relative  Aussage  uber  einen  ProzeB  liefern  sollen,  z.B.  ob  ein  ProzeB 
gut  Oder  schlecht  ablauft  Oder  ob  ein  bestimmter  Parameter  aus  dem  zulassigen 
Schwankungsbereich  herauslauft.  Fur  diese  Art  der  Anwendung  ist  die  Gesamttransmis- 
sion  von  12  %  wichtiger  als  eine  hohe  Spektrenqualitat,  da  eine  hohe  Transmission  lan- 
gere  Absorptionswege  zulaBt,  z.B.  urn  zu  hoheren  Extruderdurchmessern  zu  gehen  oder 
urn  die  Oberflacheneffekte  bei  den  Sensoren  zu  verringern. 

4.2  PE/PP-Blends 

Als  Untersuchungsobjekt  wurde  ein  leicht  zu  verarbeitender  Polymerblend 
(Kunststoffgemisch)  gewahit,  urn  die  prinzipieile  Bestimmung  der  Extrudatzusammen- 
setzung  auszutesten.  Dazu  warden  verschiedene  PE/PP-Blends  hergestellt  und  vermes- 
sen  (s.o.),  wobei  der  PE-  (bzw.  PP-)  Gehalt  von  0  bis  100  %  in  unterschiedlichen  prozen- 
tualen  Schritten  variiert  wurde.  In  Abbildung  3  sind  exemplarisch  die  Spektren  fOr  20  % 
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Schritte  dargestellt.  Besonders  auffallig  sind  der  zweite  Oberton  der  C-H- 
Streckschwingung  bei  1,2  |im  und  die  Kombinationsbande  bei  1,4  |xm  [9], 


Wellenlange  [|jm] 


Abbildung  3:  Spektren  von  PE/PP-Blends  mit  unterschiedlichen  Mischungsverhaltnissen, 
die  von  reinem  PE  bis  zu  reinem  PP  in  Schritten  von  20  %  variieren. 


Wellenlange  [jjm] 


Abbildung  4:  Spektren  von  PE/PP-Blends  (Detail). 
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Es  ist  offensichtlich,  daB  die  spektrale  Hauptinformation  in  Bezug  auf  die  Blend- 
Zusammensetzung  im  zweiten  Oberton  der  (C-H)-Streckungsbande  urn  1,21  pm  liegt 
(Abb.  4).  Die  Transmission  fallt  bier  mit  zunehmendem  PE-Gehalt  ab.  Ein  gegensatzlicher 
Effekt  kann  kann  im  im  Bereich  1,19  pm  beobachtet  werden,  wo  sich  mit  zunehmen¬ 
dem  PP-Gehalt  eine  Bandenschulter  zu  einem  Nebenmaximum  entwickelt.  Dieses  Ne- 
benmaximum  von  PP  kann  dadurch  erklart  werden,  daB  neben  (C-H)-Schwingungen  der 
CHj-Gruppen  auch  Schwingungen  von  CH-  und  CHj-Gruppen  auftreten,  die  im  Ver- 
gleich  zu  den  CHj-Gruppenschwingungen  leicht  versetzt  sind.  Dies  fuhrt  zu  einer  Ban- 
denaufspaltung  und  einer  Verschiebung  der  Bandenschwerpunkte. 

Anhand  dieser  Spektren  wird  bereits  deutlich,  daB  eine  Bestimmung  der  unterschiedli- 
chen  Konzentrationen  prinzipiell  moglich  ist.  Unklar  ist  dagegen,  bis  in  welchen  Bereich 
man  eine  solche  Unterscheidung  vornehmen  kann.  Im  Falle  der  20  %-Mischungen  kann 
dies  einfach  durch  Bildung  eines  linearen  Regressionsmodells  erfolgen.  Fur  geringere 
Unterschiede  in  den  Spektren  ist  diese  einfache  Analyse  nicht  mehr  ausreichend  und  es 
muB  auf  andere  Verfahren  ausgewichen  werden  muB. 

Daher  wurde  fur  die  Vorhersage  der  Polymermischung,  d.h.  des  Verhaltnisses  von  PE  zu 
PP,  ein  PLS-Modell  angewandt.  Die  fur  dieses  PLS-Modell  benutzten  Mischungen  variier- 
ten  zwischen  100  %  PE  und  (90  %  PE  +  10  %  PP)  in  Schritten  von  1  %  und  wurden 
ausgesucht  urn  a)  verschiedene  Additivanteile  in  einer  Polymermatrix  und  b)  das  blenden 
zweier  verschiedener  Polymere  zu  simulieren.  Daher  umfaBt  das  PLS-Modell  1 1  verschie¬ 
dene  PE/PP-Blends,  mit  je  20  Spektren  pro  Mischung  fur  die  Kalibrierung  und  20  Spek¬ 
tren  von  8  Mischungen  fur  die  Validierung. 

Die  gemittelten  Spektren  des  Kalibriersatzes  sind  in  Abbildung  5  dargestellt.  FGr  eine 
erste  Naherung  des  Mischungsverhaltnisses  war  es  ausreichend,  diese  Rohspektren 
(ohne  jede  weitere  Datenaufbereitung)  und  die  limitierte  Spektrenanzahl  zu  benutzen. 
FGr  das  PLS-Modell  waren  vier  Hauptkomponenten  ausreichend. 
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Abbildung  5:  Gemittelte  Transmissionspektren  des  Kalibrationssatzes  (y-Achse;  Trans¬ 
mission  in  willkurlichen  Einheiten,  x-Achse:  Wellenlangenkanal). 
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Abbildung  6:  Validierungsplot  mit  der  Gegenuberstellung  von  vorhergesagtem  (Punkt 
mit  Fehlerbalken)  und  gemessenem  (Saule)  Wert  des  PP-Anteils  im  PE/PP-Blend  fOr  die 
Spektren  des  Validierungssatzes. 


Die  Vorhersagemoglichkeit  des  Modells  wurde  mit  dem  Validierungssatz  getestet.  Die 
Resultate  sind  in  Abbildung  6  zu  sehen,  in  der  die  vorhergesagten  und  gemessenen 
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PE/PP-Verhaltnisse  verglichen  werden.  Der  quadratische  mittlere  Fehler  der  Vorhersage 
(root  mean  square  error  of  prediction,  RMSEP)  des  PLS-Modells  betragt  0,402,  was  ein 
recht  guter  Wert  fur  ein  derart  grobes  Model!  ist,  Mit  Ausnahme  der  Mischungen  mit  1 
%  und  8  %  PP  liegen  alle  Vorhersagen  nur  leicht  uber  den  gemessenen  Werten.  Dies 
kann  durch  die  grobe  Datenbearbeitung  erklart  werden,  die  nicht  darauf  abzielte  ein 
prazises  PLS-Modell  zu  generieren.  Trotzdem  variieren  die  Wolken  der  vorhergesagten 
Verhaltnisse  fur  jede  Mischung  nur  innerhalb  von  1  %  und  sind  deutlich  voneinander 
getrennt.  Eine  Verbesserung  der  Bearbeitung  der  spektralen  Daten,  die  durch  dieses 
neue  MeBsystem  erhalten  werden,  und  ein  differenzierteres  PLS-Modell  kann  die  Auflo- 
sung  von  Blendverhaltnissen  in  der  Zukunft  stark  erhohen. 

5  Zusammenfassung  und  Ausbiick 

Ein  MeBsystem  fur  die  in-line  NIR  Spektroskopie  bei  Extrusionsprozessen  wurde  am  ICT 
entwickelt.  Es  besteht  aus  einem  MeBkopf,  der  an  einen  Einschneckenextruder  adaptiert 
wurde,  mit  integrierten  faseroptischen  Sensoren  und  einem  AOTF-NIR-Spektrometer, 
Transmissionsmessungen  bei  typischen  Extrusionsbedingungen  (Temperatur  300  °C, 
Druck  35  MPa)  lieferten  gute  Ergebnisse  in  Bezug  auf  mechanische  und  optische  Eigen- 
schaften  der  Sensoren.  Das  entwickelte  System  ist  in  der  Lage  verschiedene  Extrudatzu- 
sammensetzungen  zu  vermessen,  wie  am  Beispiel  von  PE/PP-Blends  gezeigt  wurde.  In 
diesem  Fall  lag  die  Vorhersagemoglichkeit  eines  PLS-Modells  im  Bereich  von  1  bis  2  %. 

Es  wurde  gezeigt,  daB  sich  die  In-Line-NIR-Spektroskopie  sehr  gut  fur  die  Beobachtung 
von  Extrusionsprozessen  eignet,  was  auf  die  hohe  MeBgeschwindigkeit  und  die  Beruh- 
rungslosigkeit  der  Messung  zuruckgefuhrt  werden  kann.  Somit  konnen  Fehifunktionen 
innerhalb  des  Prozesses  rechtzeitig  detektiert  und  schnell  korrigiert  werden.  Dies  fuhrt 
zu  verbesserter  Produktqualitat  und  hoherer  ProzeBeffizienz. 

In  weiteren  Untersuchungen  sollen  Materialien  eingesetzt  werden,  die  reale  Treib-  und 
Explosivstoffe  besser  simulieren  als  reine  Polymerblends,  namlich  gefullte  Polymere. 
Hierbei  kommen  vor  allem  einfache  Polymermatrices  (z.B.  Polyethylen  oder  thermoplasti- 
sche  Elastomere)  und  kristalline  Fullstoffe  (z.B.  Zucker)  in  Betracht.  Auch  hier  soil  gepruft 
werden,  in  wieweit  sich  die  Extrudatzusammensetzung  on-line  bestimmen  laBt.  Erst  da- 
nach  kann  daran  konnen  reale  extrudierbare  Treibstoffe  untersucht  werden. 
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Summary 


The  submitted  paper  gives  the  results  of  experiments  that  help  to  clear  up  the  process  of 
phlegmatization  of  powder  grain  for  targe  calibre  ammunition.  This  is  a  matter  of  method  that 
can  be  called  „intemal  phlegmatization".  The  experiments  have  been  carried  out  with  single 
base  powders.  Distribution  of  various  substances  with  phlegmatizing  effect  in  powder  grain 
has  been  observed. 

The  manner  is  given  here,  how  the  concentration  of  individual  phlegmatizing  substances  was 
found  in  various  depths  of  powder  grain. 

Determination  of  different  phlegmatizers  in  individual  layers  of  powder  grain  has  been  carried 
out  by  means  of  gas  and  liquid  chromatography. 
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Introduction 

Phlegmatization  of  the  surface  layer  of  powder  grain  is  a  wide  spread  method  aimed  at 
modifying  burning  rate  of  powder  grain.  With  classical  method  of  phlegmatization,  the 
phlegmatizer  is  applied  on  the  grain  from  external  environment  no  matter  if  the  process  is 
lead  in  dry  or  wet  way.  This  method  is  called  „external  phlegmatization". 

This  work  deals  with  finding  out  of  phlegmatizer  distribution  in  powder  grain  after 
phlegmatization  that  can  be  called  „intemal  phlegmatization".  When  carrying  out  this 
phlegmatization,  the  phlegmatizer  is  introduced  into  powder  mass  in  the  kneader  at  mixing 
and  the  phlegmatizing  layer  is  formed  during  the  next  technological  process  of  powder 
production. 


Theory 

To  carry  out  external  phlegmatization  in  both  wet  and  dry  way  requires  expensive  facilities 
and  in  both  cases  it  is  necessary  to  perform  very  dangerous  operations  especially  at  the  dry 
way,  which  makes  production  of  gun  powder  more  expensive. 

The  aim  of  this  work  is  to  find  distribution  of  phlegmatizing  substances  in  powder  grain 
prepared  in  the  way  that  can  be  called  „internal  phlegmatization".  In  this  way  of  carrying  out 
phlegmatization,  some  very  dangerous  operations  come  off  the  technological  process  because 
phlegmatizing  substances  are  introduced  into  powder  grain  already  during  the  basic 
technological  steps  of  production  of  single  base  powders.  Accordingly  to  the  course  of  these 
steps,  the  kind  and  quantity  of  the  used  phlegmatizer,  various  concentration  profiles  arise 
inside  the  grain. 

Knowledge  from  the  works  observing  movement  of  phlegmatizers  in  powder  grain  in 
nitrocellulose  environment  in  dependence  on  length  of  hydrogen  bond  in  the  observed 
compounds  [1]  or  on  length  of  the  bond  between  carbonyl  group  of  the  described  compounds 
and  non-esterified  -OH  group  of  NCL  [2,4]  were  employed  at  the  experiments. 
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The  works  where  the  authors  give  various  ways  of  measuring  of  concentration  profiles  arising 
due  to  diffusion  of  phlegmatizers  in  the  environment  of  NCL  mass  [3, 5, 6, 7, 8, 9]  then 
influenced  selection  of  the  method  used  in  this  work.  Liquid  and  gas  chromatography  have 
been  used  here  to  identify  and  determine  the  phlegmatizer  in  the  individual  layers  of  powder 
grain. 


Experimental 

All  specimens  were  prepared  in  the  same  way.  The  calculated  quantity  of  NCL  [2,4],  ether, 
diphenylamine  and  the  appropriate  phlegmatizer  (2,4  -  DNT,  Cl,  DBF  or  camphor  )  were  fed 
into  the  kneader.  The  temperature  was  maintained  at  20“C  and  the  speed  of  the  stirrers  was 
during  the  whole  time  of  kneading  maintained  at  constant  value  24  r.p.m.The  whole  process 
of  kneading  took  60  minutes.  After  that  time  interval  the  powder  mass  was  taken  out  of  the 
kneader  and  placed  into  the  cylinder  of  the  extruding  facility  and  then  the  mass  was  extruded 
at  constant  speed  of  the  piston  lOmm/min.  through  the  extruding  die.The  extruded  thick- 
walled  tubular  thread  was  cut  to  10cm  and  then  subjected  to  pre-drying,  dipping  and  drying. 

The  final  product  was  tubular  NCL  powder  with  2mm  wall  thickness.  Layers  of  0.4  mm 
thickness  in  radius  were  turned  off  from  the  dried  powder.  In  this  way  always  5  layers  were 
obtained.Determination  of  the  used  phlegmatizer  was  then  carried  out  in  each  layer.  Liquid  or 
gas  chromatography  was  used  in  dependence  on  the  used  phlegmatizer. 
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Results 

Distribution  of  phlegmatizer  (2,4  -  DNT)  that  proved  to  be  a  characteristic  one  for  NCL 
tubular  single  perforated  powder  is  shown  in  Figure  1 . 


Fgure  1  Distribution  of  2,4-DNT  at  initial  concentration  5,0% 


Figure  2  represents  the  case  when  initial  concentration  of  phlegmatizer  2,4  -  DNT 
influenced  the  course  and  size  of  the  maximum  concentration  profile  inside  the  powder  grain. 
The  maximum  concentration  profile  in  case  of  5.0%  content  of  phlegmatizer  in  a  batch  is 
0.55%  for  2.5%  content  of  phlegmatizer  it  is  0.39%. 
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Figure  2  Distribution  of  2,4-DNT  in  dependence  on  initiai 
concentration 


-  hit.  cone.  =  5,0% 

-  hit.  cone.  =  2,5% 


The  influence  of  time  interval  of  pre-drying  on  phlegmatizer  distribution  is  given  in  Figure  3, 
which  represents  the  case  when  a  change  in  technology  of  powder  production  was  performed. 


Figure  3  Influence  of  time  interval  of  pre-drying  on  2,4-DNT 
distribution  at  initiai  concentration  5,0% 


pre-dried  24  hours  j 

m  -  pre-dried  0,5  hour  | 

. . . . i 
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Apart  from  the  experiments  with  2,4  -  DNT ,  the  influence  of  time  interval  of  pre-dtying  on 
phlegmatizer  distribution  in  powder  grain  wall  was  also  observed  in  the  cases  when 
Centralite  I,  DBF  and  camphor  were  used.  The  results  of  those  experiments  are  given  in 
Figure  4. 

Figure  4  Comprehensive  graph  -  distribution  concentrations  of  the 

observed  phiegmatizers 
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layer  [mm  ] 


-  2,4-bNT  pre-dried  24  hours 

-  2,4-DNT  pre-dried  0,5  hour 

-  Cl  pre-dried  24  hours 
-Cl  pre-dried  0,5  hour 

.  DBF  pre-dried  24  hours 

-  DBF  pre-dried  0,5  hour 

-  camphor  pre-dried  24  hours 
-camphor  pre-dried  0,5  hour 


Conclusion 

Existence  of  an  uneven  distribution  of  phiegmatizers  in  powder  grain  walls  was  proven  and 
characteristic  distribution  of  phlegmatizer  in  NCL  tubular  powder  (Figure  1)  was  found. 

The  phlegmatizer  distribution  can  be  influenced  by  a  quantity  of  the  introduced  phlegmatizer 
(Figure  2)  but  also  by  changes  in  technology  at  powder  production  (Figure  3). 

By  comparison  of  concentration  profile  curves  of  various  phiegmatizers  it  is  possible  to  find 
the  suitability  of  the  given  phlegmatizer  for  this  way  of  phlegmatization  (Figure  4). 
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The  temperature  sensitivity  of  interior  and  exterior  ballistic  parameters  is 
discussed  with  respect  to  the  effects  of  shape,  deterrent  coating  and 
chemical  composition  of  propellant.  Spherical  and  tubular  small  arm 
propellants  were  prepared  and  the  ballistic  performance  tested  in  various 
weapons  at  various  temperatures. 
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As  the  urgency  increases  for  hyjiervelocity  guns,  i.e.,  velocities  >  1600  m./sec,  the  propellant 
chemist  will  eventually  need  to  seek  propellants  of  higher  impetiis  than  currently  available 
with  RDX  or  IIMX,  i.e.,  1250-1300  .foules/g.  .logrcrlicsuts  such  as  CL-20,  TNAZ,  and  ADN 
offer  promise  to  slightly  higher  values,  but  a  ceiling  begins  to  appeal  iieai  1350  Joules/g, 
beyond  which  new  compound.s  are  required.  In  this  poster,  po.ssibilities  will  be  discussed  for 
attaining  impetus  values  substantially  gieater  than  1400  Jonie.s/g,  i.e.,  >  40%  above  current 
operational  double-base  propellauls. 

A  class  of  compounds  known  us  diazido  nitramines  offer  significanfly  more  impetus  than 
RDX.  Some  well-known  exainjiles  are:  D.4DNH  (l,6-diazi<lo-2,5-dinitrazahexane), 

D.\DZP  (1,5-  diai'.ido-2,4-duutta2apeuUine),  and  DAt-J?  (1,3-diazido-2-nitiazapropane), 
which  have  impetus  values  as  neat  ingiedieats  ranging  from  1500  to  1750  Joules/g. 
Unfortunately,  these  nitiamities  have  very  high  isochoric  flame  temperatures  (Tv)  >  4000°K, 
and  hence,  are  of  limited  usefiilncss  New  compounds  arc  rcquii  cd  which  have  the  proper 
stoichiomeny  to  generate  lower  molecular  weight  gases,  and  a  suitable  AHf  to  provide  a 
reasonable  flame  temperature. 

A  number  of  energetic  compounds  are  being  examined  to  significantly  increase  the 
performance  of  explo,sive.s,  but  unfortunately,  these  are  uot  suitable  for  gun  propulsion.  The 
figure  of  merit  for  explosives  is  C-J  detonation  pressure,  which  is  a  function  of  the  square  of 
the  density  and  a  high  flame  tempei  ature.  Compounds  of  very  high  density  (>  2  g^cc)  are 
being  synthesized,  but  these  have  little  or  no  hydrogen,  and  consequently  have  very  poor  gas 
output.  Not  only  is  high  gas  output  or  low  gas  MW  relatively  unimportant  for  explosives, 
but  the  need  for  high  density  piecludes  the  presence  of  hydrogen. 

For  gun  propellants,  on  the  oflrer  hand,  density  is  relatively  unimportant,  and  high  flame 
temperature  is  intolerable.  High  gas  Output  and  low  gas  MW  i.s  all  important  to  high 
impetus.  Compounds  best  suited  for  gun  propulsion  aie  quite  different  than  fliose  designed 
for  high  performance  explosives,  and  compounds  that  make  outstanding  explosi  ves  do  not 
necessarily  make  good  propellants  ...  because  of  the  lade  of  hydiogen. 
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Two  families  of  C-H-O-N  compounds  have  been  identified  to  illustrate,  the  potential 
increase  in  impetus  possible  via  a  radical  change  in  stoicbioinetc^  and  Alff,  The  first  is  a 
baseline  Ci  H|  Oi  Ns,  which  has  a  theoretical  gas  output  of  42  23  moles/kg,  equivalent  to  a 
gas  MW  of  23.7,  approxunating  that  of  conventional  double-base.  At  a  flame  temperature  of 
3400°K  (near  that  of  the  1 20n>Tn  propellant  .TA-2),  the  system  has  an  impetus  of  1180 
Jonles/g. 

The  second  family  is  Ci  H4  O;  N,i„  which  has  a  theoretical  ga.s  output  of  56.77  nioles/kg, 
equivalent  to  a  gas  MW  of  17.6,  representing  a  “quantum”  leap  in  uaprovement.  At  a  flame 
temperature  of  3400"K,  the  new  system  has  an  impetus  of  1565  Joules/g.  At  a  slij^tly  higher 
flame  temperature  of  3600*K,  the  system  has  an  impressive  impetus  of  1660  Joules/g. 

It  is  important  to  consider  both  the  stoichiometry  and  AHf  in  combination.  Neither  one  alone 
provides  3  complete  answer.  Stoichiometry'  is  a  predictor  of  gas  output  {or  gas  while 
flame  temperature  is  a  strong  function  of  AHf.  Gas  output  is  not  especially  sensitive  to  AHf, 
and  in  general,  as  AHf  increases,  gas  output  increases  only  very  gi-adually 

A  number  of  .similar  CAJ-O-N  compounds  have  been  examined  to  illustrate  the  behavior 
possible  for  various  performance  gains.  The  objective  has  been  to  provide  guidelines,  i.e.,  a 
load  map,  for  the  syutiiesis  chwnisi  to  pursue  new  possibilities  and  to  identify  key  functional 
groups  as  target  molecules.  Some  of  these  may  not  be  practical,  but  should  provide  a 
fundamental  basis  to  search  for  new  compounds. 


»  ♦  ♦  ♦  ♦ 
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Abstract 

New  results  of  the  cooperation  between  Fraunhofer  ICT  and  Mauser  Weapon  Systems 
concerning  combustible  cases  and  weapon  concept  for  the  Recoilless  Automatic 
Cannon  RMK  30  will  be  presented. 

The  recoillessness  of  the  new  weapon  designed  by  Mauser  could  be  realized  by  a 
telescoped  ammunition  with  combustible  case  developed  by  Fraunhofer  ICT.  Firing  tests 
brought  up  good  results  in  muzzle  velocity  at  the  required  maximum  pressure,  and  the 
hit  pattern  showed  very  low  deviation.  Applications  of  the  recoilless  cannon  RMK  system 
are  light  carriers  and  helicopters. 

A  Combustible  cases  for  RMK  30 
Introduction 

Since  many  years  combustible  cases  are  wellknown  for  the  120  mm  tank  gun  and  for 
modular  charges  for  the  1 55  mm  howitzer.  They  mainly  consist  of  pressed  nitrocellulose 
fibers  with  a  special  after-treatment.  These  combustible  cases  serve  the  purpose  of 
loading  conventional  gun  powders  but  do  not  contribute  to  the  energy  of  the 
ammunition. 

The  new  generation  of  combustible  cases  are  intended  for  machine  guns  of  middle 
caliber.  In  contrast  to  the  cases  mentioned  above  the  new  type  of  combustible  cases 
must  have  an  additional  high  performance. 
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The  cases  for  RMK  30  consist  of  plastic  bonded  explosives.  The  required  performance  is 
reached  by  combining  the  case  with  a  conventional  gun  powder.  Using  different  types 
of  single  or  double  base  propellants  the  internal  ballistic  properties  can  be  adjusted  very 
accurately. 

A  new  concept  is  the  inductive  ignition  which  allows  a  very  high  rate  of  firing.  Another 
big  advantage  is  the  fully  telescoped  projectile.  Because  of  the  lower  weight  of  this  type 
of  ammunition  the  platform  can  store  more  rounds. 

Combustible  Case 

Fig.  1  and  2  show  the  conventional  ammunition,  caliber  30  mm,  in  comparison  to  the 
telescoped  ammunition  with  combustible  case. 


Fig.  1:  Conventional  ammunition  Fig.  2;  Combustible  case. 

Fig.  3  compares  the  telescoped  ammunition  to  conventional  cartridges  with  calibers  in 
the  range  of  20  to  35  mm.  The  telescoped  ammunition  has  the  same  length  than  the 
conventional  30  mm  cartridge,  but  possesses  higher  energy  because  of  the  combustible 
case.  Fig.  4  shows  different  types  of  combustible  cases  (caliber  30  mm). 


Fig.  3:  Comparison  of  20  -  35  mm  cartridges  Fig.  4:  Telescoped  ammunition  with  com- 
and  telescoped  ammunition.  bustible  case  and  inductive  ignition. 
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Telescoped  ammuntion  with  inductive  ignition  and  combustible  cases  has  several 
advantages: 

•  low  production  costs  because  no  metall  cartridge  is  needed 

•  no  ejection  of  cartridges 

•  recoillessness 

•  no  firing  pin  because  of  inductive  ignition 

•  high  performance 

•  high  rate  of  fire 

•  transferable  to  other  calibers. 

The  combustible  case  developed  by  FhG  ICT  had  to  fulfill  essential  requirements  like: 

•  muzzle  velocity  >  1 000  m/s 

•  maximum  pressure  of  400  MPa 

•  perfect  flight  of  the  projectile 

•  residueless  combustion 

•  reproducibility 

•  good  mechanical  properties 

•  no  cook-off  behaviour 

•  chemical  and  thermal  stability 

•  low  cost  production. 

The  designed  combustible  case  is  based  on  plastic  bonded  explosives.  Specific  energy 
and  burning  characteristics  of  the  case  depend  on  parameters  like 

•  type  and  quantity  of  explosives 

•  particle  size  of  explosives 

•  additives 

•  density  and  porosity  of  the  case. 

In  order  to  adjust  force  and  internal  ballistic  behaviour  of  the  telescoped  ammunition, 
the  case  is  combined  with  different  single  or  double  base  propellants,  further 
influencing  parameters  are 

•  type  and  amount  of  additional  propellant 

•  type  and  amount  of  igniter  material 

•  performance  of  the  fuze. 
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Results  of  firing  tests 

Performance  and  functioning  of  the  ammuntion  could  be  demonstrated  in  several  firing 
tests.  Fig.  5  and  6  show  some  results  of  firings  tests  of  cases  combined  with  a  double 
base  propellant. 


Fig.  5:  Pressure-time  curve  of  the  telescoped  ammuntion. 
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B  RECOILLESS  AUTOMATIC  CANNON  RMK  30 
Introduction 

The  projekt  RMK  30  has  been  started  in  1993  with  the  goal  of  designing  a  recoilless 
weapon  system  for  use  on  helicopters  or  other  light  weapon  carriers. 

In  the  past,  such  low  recoil  or  recoilless  weapons  have  only  been  designed  for  operation 
in  single  fire.  In  fact,  an  automatic  cannon  that  is  able  to  operate  in  burst  fire  has  not 
yet  been  presented  recoilless  until  now. 

During  the  feasibility  study  a  prototype  of  the  RMK  30  has  been  built  which  in  10/96 
was  presented  for  the  first  time  in  full  operation.  For  this  firing  demonstration  the 
weapon  was  integrated  in  the  light  armoured  vehicle  WIESEL.  Optimization  procedures 
concerning  weapon  and  ammunition  are  currently  being  carried  out  aiming  to  start 
production  after  the  year  2002. 

The  weapon  system  RMK  30  with  its  new  concepts  of  gun  and  ammunition  opened  a 
completely  new  field  of  applications  [see  Fig.  7] 


Fig.  7:  Field  of  applications  of  the  RMK  30. 
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Weapon  Concept  and  Basic  Principles 

The  new  weapon  concept  had  to  satisfy  the  requirements  of  low  weight,  compactness, 
and  simple  design  -  features  that  are  needed  for  a  helicopter  weapon  or  other  light 
carriers.  To  realize  this  concept,  Mauser  had  to  use  some  totally  new  technologies: 

•  Recoillessness  in  combination  with  high  performance 

•  Ammunition  feeding  from  the  front,  to  get  the  shortest  possible  gun  length 

•  Telescoped  cartridge  to  enable  the  front  feeding  system 

•  A  new  compact  solid  propellant  and  a  combustible  case 

•  Inductive  electrical  priming  system. 

The  results  of  the  new  design  [see  Fig.  8]  are 

•  accurate  action  of  the  weapon 

•  smallest  possible  dimensions  and  low  weight. 


Fig.  8:  Design  Concept  of  the  Recoilless  Automatic  Cannon  RMK  30. 


Fig.  9  gives  details  of  the  weapon  concept  with  the  3-chamber  breech  cylinder,  the 
ammunition  feeding  from  the  barrel  side,  and  the  gas  jet  nozzle.  The  Jet-cannon 
combines  the  rocket  propulsion  principle  with  the  features  of  a  conventional  revolver 
type  machine  gun  like  the  Mauser  BK  27mm. 


3-Chamber  Breech  Cylinder, 

Cylinder  Housing, 

Electric  Drive  Mechanism 


Primary  Coll 
of  the 

Inductive  ignition 


Fig.  9;  Gun  lay-out  of  the  RMK  30. 


The  principle  of  recoillessness  is  based  on  the  idea  that  the  rear  outstream  of  firing 
gases  through  a  gas  jet  nozzle  compensates  the  recoil  impulse  of  the  weapon.  It  has 
been  demonstrated,  that  the  remaining  recoil  is  a  simple  function  of  the  nozzle 
diameter,  and  that  it  is  also  possible  to  get  a  counter  recoil  [see  Fig.  10]. 


RMK30  MK30 


Fig.  10:  Impulse  Compensation  according  Fig.  1 1 ;  Comparison  of  Muzzle  Energies, 
to  the  Nozzle  Diameter. 

When  the  project  was  started  at  Mauser,  the  ammunition  performance  of  the  RMK  30 
was  expected  to  be  considerably  reduced  compared  to  other  conventional  cannons  with 
the  same  caliber.  Nevertheless,  by  using  ammunition  with  suitable  propellants,  even 
higher  muzzle  velocities  or  higher  muzzle  energies,  respectively,  could  be  achieved  [see 


103  -  8 


Fig.  11].  The  performance  of  the  existing  prototype  is  even  higher  than  the  conventional 
MK  30  mm  with  GAD  8A  Ammunition.  This  new  weapon  can  be  used  for  the  same 
missions  as  classic  automatic  cannons. 

Advantages  and  System  Applications 

The  recoillessness  of  the  weapon  has  the  following  advantage; 

Because  of  the  low  or  nonexistent  recoil  forces  on  the  carrier  the  cannon  shows  a 
significantly  higher  accuracy  [see  Fig.  12).  When  being  integrated  into  a  weapon  system 
the  hit  probability  is  improved  especially  during  burst  firing. 

The  consequences  of  this  higher  accuracy  are; 

1.  The  amount  of  ammunition  used  can  be  considerably  reduced. 

2.  A  very  high  rate  of  fire,  that  usually  is  requested  of  conventional  automatic  cannons 
to  compensate  for  their  lack  of  precision,  is  not  needed. 

3.  Due  to  the  low  total  firing  disturbances,  the  Fire  Control  System  can  be  integrated 
closer  to  the  weapon,  which  suppresses  the  standard  problems  in  harmonization. 


Fig.  12;  Hit  Pattern. 

A  sensor  integrated  weapon  system  allows  a  dispersion  of  the  complete  dynamical 
system  of  less  than  1 .5  mrad.  Therefore,  a  high  maneuvering  air  target  in  the  range  up 
to  1 500  m  (like  a  combat  helicopter)  can  be  effectively  Intercepted  with  only  3  rounds. 
The  RMK  30  posseses  the  advantage  of  a  short  reaction  gun  system  with  "Fire  and 
Forget"  missile  technology,  in  a  range,  where  a  missile  itself  cannot  operate. 
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Summary 

Recoillessness  and  good  performance  of  the  RMK  30  could  be  reached  with  a  new 
designed  telescoped  ammunition  with  combustible  case  and  inductive  ignition. 

By  combining  new  technologies  the  RMK  enlarges  the  application  spectrum  of  classic 
automatic  cannons  with  respect  to  the  field  of  precisely  operating  weapon  systems, 
which  until  today  has  only  been  applied  to  guided  missiies. 

Hence,  this  new  type  of  weapon  -  allocated  in  between  automatic  cannon  and  missile  - 
represents  an  interesting  alternative  to  both  effective  systems. 
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ABSTRACT 

We  have  used  a  femtosecond  laser  beam  to  make  cuts  through  small  pressed  pellets  of  six 
common  high  explosives  (HE’s).  The  laser  system  produced  100  -  150  fs  pulses  of  820  nm 
light  at  a  repetition  rate  of  1  kHz.  Maximum  energy  per  pulse  was  5  mJ.  The  samples 
were  6.35-mm-diameter,  2-mm-thick,  pressed  pellets  of  various  explosives  mounted  on 
stainless  steel  substrates  whose  thickness  ranged  from  0. 1-1.2  mm.  Various  cutting  rates 
were  used,  with  average  power  varying  from  O.IW  to  3W.  The  HE  was  easily  cut  at  low 
power  levels.  At  0.5W  average  power,  one  or  two  sweeps  sufficed  to  cut  most  of  the 
pellets.  Experiments  were  also  performed  where  we  cut  through  both  the  HE  peUet  and 
the  stainless  steel  substrate  from  either  direction.  Explosives  that  were  cut  included  high- 
surface-area  PETN,  LX-16  (96%PETN/4%  FPC  461  binder),  LX-14  (95.5%  HMX/4.5% 
Estane),  LX-15  (95%  HNS/5%  Kel-F),  LX-17  (92.5%  TATB/7.5%  Kel-F),  PBX-9407 
(94%  RDX/6%  Exon  461),  and  pressed  TNT.  Absorption  of  femtosecond  pulses 
transfers  virtually  no  heat  to  the  material  being  cut  and  no  evidence  of  HE  burning  or 
decomposition  was  observed  on  the  cut  surfeces.  Numerous  applications  appear  feasible 
for  the  processing  of  energetic  materials,  including  HE  machining  and  demilitarization 
operations. 


INTRODUCTION 

Cutting  and  machining  operations  on  energetic  materials  present  significant  safety 
challenges.  If  conventional  machine  tools  are  used,  improper  fixturing  of  the  work, 
improper  tool  configuration  and  improper  cutting  speeds  have  resulted  in  violent  reactions 

*  Work  performed  under  the  auspices  of  the  U.S.  Department  of  Energy  by  the  Lawrence 
Livermore  National  Laboratory  under  Contract  W-7405-Eng-48. 
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during  machining  operations.  In  addition,  significant  hazardous  waste  is  generated  from 
the  machining  chips  and  the  necessity  of  using  cutting  fluids  to  cool  the  cutting  tool. 

Ablation  of  the  energetic  material  by  femtosecond  laser  pulses  may  offer  an  attractive 
alternative  to  conventional  machining.  Absorption  of  these  ultra-short  pulses  occurs  on 
such  a  short  time  scale  that  the  material  is  ablated  with  virtually  no  heat  transfer  to  the 
surrounding  material,  resulting  in  a  “cold”  laser  cutting  process.  In  contrast,  cutting  with 
laser  pulses  longer  than  ~10  ps  is  a  thermal  process  which  proceeds  by  first  melting  and 
then  vaporizing  the  material  with  significant  heat  transfer  to  material  outside  of  the  cutting 
region.  The  waste  products  fi-om  short-pulse  laser  cutting  are,  for  the  most  part,  solid 
carbon  or  benign  gases,  which  can  be  released  into  the  atmosphere.  If  the  quantity  of 
chlorine  and  fluorine  fi'om  the  binder  is  a  problem,  these  gases  are  easily  removed. 

ULTRA-SHORT-PULSE  OPTICAL  ABLATION 

Laser  heating  of  a  solid  occurs  when  incident  radiation  is  absorbed  in  electronic  states  and 
is  subsequently  transferred  to  the  lattice.  When  a  dielectric  absorbs  a  laser  pulse  of 
duration  t,  a  thermal  conduction  model  predicts  that  the  threshold  fluence  for  damage 
(melting  or  vaporization)  has  a  dependence  on  pulse  length,’’^  in  good  agreement  with 
experiment  for  pulses  in  the  range  20  ps  to  >100  ns.^"'”  For  pulses  shorter  than  20  ns,  the 
damage  threshold  for  dielectrics  deviates  fi-om  the  thermal  scaling  law.^-’  Stuart  et  al. ' ' 
report  a  continuously  decreasing  damage  threshold  and  a  gradual  transition  fi-om  the 
thermal  regime  to  an  ablative  regime  dominated  by  coUisional  and  multiphoton  ionization 
and  plasma  formation.  After  formation  of  the  plasma,  no  further  energy  is  transferred  to 
the  dielectric  during  the  laser  pulse  because  the  plasma  strongly  absorbs  the  laser  beam. 
Heat  transfer  to  the  lattice  does  not  occur  because  the  entire  duration  of  the  laser  pulse  is 
comparable  to  a  single  period  of  the  highest  fi-equency  lattice  vibrations.  HE  is  a  good 
dielectric  and  in  the  work  reported  here,  the  100-150  fs  pulses  are  well  within  the  ablative 


regime. 
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In  the  case  of  metal  targets,  the  laser  pulse  initially  produces  Joule  heating,  as  the 
electromagnetic  fields  of  the  laser  beam  diffuse  into  the  metal.  When  the  temperature 
becomes  high  enough  for  plasma  formation,  the  plasma  shields  the  metal  fi'om  the 
electromagnetic  fields  and  absorbs  the  laser  pulse.  For  pulses  in  the  100-150  fs  range, 
virtually  no  energy  is  transferred  to  the  metal  after  plasma  formation  and  heat  transfer 
does  not  occur  because  of  the  short  duration  of  the  pulse.. 

Subsequent  to  the  laser  pulse,  the  material  that  has  been  converted  to  a  plasma  moves 
away  firom  the  surfece  by  hydrodynamic  expansion  and  cools  adiabaticaUy.  For  the  laser 
pulse  energies  we  employed,  the  plasma  temperatures  are  of  the  order  of  a  few  eV  and 
expansion  occurs  very  rapidly.  Each  pulse  typically  removes  a  few  microns  of  material 
and  if  the  plasma  expands  at  a  speed  of  a  few  km/s,  it  will  cool  in  a  few  ns,  leaving  no  time 
for  significant  heat  transfer.  This  means  that  in  the  ablative  regime  (100-150  fs)  where  our 
laser  operates,  the  cutting  process  is  “cold”  with  no  significant  heat  transfer  to  the  material 
being  cut.  Care  must  be  taken  to  ensure  that  the  plasma  can  expand  rapidly  away  fi'om  the 
region  being  cut,  otherwise  heat  could  be  transferred  by  condensation  of  the  plasma  onto 
surfaces  close  to  the  cutting  region. 

LASER  CHARACTERISTICS 

The  laser  used  in  these  experiments  produced  up  to  5  W  average  power  at  1  kHz 
in  120  fs  pulses  at  825  nm.  The  system,  which  was  based  on  the  technique  of  chirped- 
pulse  amplification,'^''^  consisted  of  an  oscillator  to  generate  the  initial  short  pulses,  a 
pulse  stretcher  to  temporally  stretch  the  pulse  and  avoid  nonlinear  effects  during 
amplification,  a  regenerative  amplifier,  and  a  pulse  compressor  to  return  the  pulse  width  to 
near  transform-limited  duration.  Seed  pulses  for  this  system  were  generated  by  a  Kerr-lens 
mode-locked  Ti:sapphire  oscillator  (Coherent  Mira)  which  produced  0.8  W  of  transform- 
limited  100-fs  pulses  at  80  MHz.  The  seed  pulses  were  stretched  to  500  ps  in  a  four- 
element  all-reflective  pulse  stretcher.  The  seed  pulses  were  switched  into  a  Ti:sapphire 
linear  regenerative  amplifier  where  they  were  amplified  by  approximately  10*  to  7  mJ.  The 
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Ti;sapphire  crystal  was  pumped  on  each  end  by  20  W  from  a  frequency-doubled  Nd;  YLF 
laser  running  at  1  kHz.  Switching  in  and  out  of  the  amplifier  was  done  with  two  quarter- 
wave  Pockels  cells.  After  amplification,  the  stretched  pulses  were  compressed  in  a  four- 
pass,  single-grating  compressor,  yielding  up  to  5  mJ,  120-fs  pulses  at  1  kHz. 

EXPERIMENTAL  ARRANGEMENTS 


It  was  necessary  to  develop  a  safe  procedure  for  performing  ejqperiments  on  small 
amounts  of  HE  in  the  laser  laboratory,  which  was  not  designed  to  allow  the  handling  of 
explosives.  Protection  from  accidental  reaction  of  the  HE  was  provided  by  performing  the 
cutting  experiments  inside  a  portable  steel  firing  chamber,  shown  in  Fig.  1,  that  has  been 
designed  and  tested  to  safely  contain  the  detonation  of  two  grams  of  HE.  To  further 
reduce  the  risk  from  the  HE,  the  samples  for  our  initial  experiments  were  limited  to  100- 
125  mg,  6.35-mm-diameter,  2-mm-thick,  pressed  pellets  of  various  explosives.  These  were 
mounted  in  the  chamber  on  stainless  steel  substrates  whose  thickness  ranged  from  0.1 -1.2 
mm.  To  avoid  nonlinear  effects  as  the  beam  passed  through  the  optical  port  into  the 
chamber,  it  was  necessary  to  use  a  thiimer  window  than  was  usual.  We  determined  that  a 
6-mm-thick  quartz  window  outer  window  and  a  3-mm-thick  quartz  blast  shield  inside  the 
chamber  gave  adequate  protection  in  the  event  of  a  sample  detonation. 


Figure  1 .  Portable  firing  chamber,  shown  without  its  steel  lid  in  place. 
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For  each  experiment  the  HE  sample  was  loaded  into  the  chamber  in  a  HE-handling  area 
and  the  chamber  was  closed  and  evacuated  to  a  pressure  of  ~  5  Pa  (40  mXorr). 
Evacuation  of  the  chamber  is  important  to  avoid  air  breakdown  from  the  high  electric 
fields  in  the  laser  beam  when  it  is  focused  on  the  target  and  it  also  greatly  increases  the 
safety  margin  of  the  chamber.  The  chamber  was  then  transported  to  the  laser  laboratory, 
which  was  located  in  another  building.  The  laser  beam  was  introduced  into  the  chamber 
through  an  optical  port  with  a  6-mm-thick  fused  quartz  window  and  passed  through  a  3- 
mm-thick  blast  shield  inside  the  tank.  Both  the  outer  window  and  blast  shield  had  anti¬ 
reflection  coatings.  Before  the  beam  entered  the  chamber  it  was  reflected  from  a  tilted 
mirror  that  could  be  translated  to  scan  the  beam  back  and  forth  across  the  sample.  The 
laser  beam  was  focused  to  a  line  300  pm  long  and  25  pm  across.  Various  cutting  rates 
were  used  with  average  power  varying  from  O.IW  to  3W.  The  sample  was  also 
monitored,  through  another  optical  port,  by  a  video  camera  and  video  recorder.  The 
video  camera  recorded  the  plasma  plume  as  the  beam  swept  back  and  forth.  Multiple  cuts 
on  a  sample  were  made  by  repositioning  the  beam  and  repeating  the  scanning  process. 
When  the  requisite  number  of  cuts  had  been  made,  the  chamber  was  transported  back  to 
the  HE  facility,  unloaded,  and  the  sample  was  inspected  and  photographed. 

RESULTS  OF  HE  CUTTING  EXPERIMENTS 

We  used  LX- 16  explosive  (96%PETN/4%  FPC  461  binder)  for  our  initial  experiments 
because  PETN  is  one  of  the  most  sensitive  of  the  secondary  explosives.  In  some  of  the 
experiments  the  beam  first  cut  through  the  HE  pellet  and  then  into  the  stainless  steel 
substrate  and  in  other  experiments  the  beam  first  cut  through  the  stainless  steel  and  then 
into  the  HE  pellet.  In  either  case,  no  reaction  was  observed  in  the  LX- 16  pellets.  We  also 
cut  through  pellets  that  were  not  backed  by  a  substrate.  In  addition  to  LX- 16  we  cut 
peUets  ofLX-14  (95.5%  HMX/4.5%  Estane),  LX-15  (95%  HNS/5%  Kel-F),  LX-17 
(92.5%  TATB/7.5%  Kel-F),  PBX-9407  (94%  RDX/6%  Exon  461),  and  pressed  TNT. 
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HMX  and  RDX  are  high-performance  explosives  used  in  many  types  of  explosive 
ordnance,  PETN  and  HNS  are  initiating  explosives,  TATB  is  an  insensitive  explosive  and 
TNT  is  ubiquitous  in  conventional  ordnance 

The  HE  was  easily  cut  at  low  power  levels.  At  0.5W  average  power,  one  or  two  sweeps 
sufficed  to  cut  most  of  the  pellets.  The  LX-14  required  more  sweep  than  the  other  HE 
materials.  No  reaction  was  observed  in  any  of  these  materials.  In  experiments  where  the 
pellets  were  cut  on  a  stainless  steel  backing,  the  metal  plasma  produced  discoloration  of 
the  pellet  surface,  particularly  when  the  cuts  were  made  through  the  pellet  into  the  metal 
substrate.  When  LX- 16,  LX-14  and  PBX-9407  were  cut  without  the  stainless  steel 
backing,  the  cut  was  clean  with  no  discoloration  or  other  visible  evidence  of  reaction  but 
the  TNT,  LX- 15  and  LX- 17,  which  have  solid  carbon  in  their  reaction  products,  showed 
some  soot  deposition  on  the  cut  surfaces.  Figure  2  shows  some  typical  cuts  made  in 
different  explosives. 

The  only  experiment  in  which  reaction  was  observed  was  in  cutting  a  LX- 16  pellet  when 
we  did  not  compress  the  pulse  after  amplification  (a  factor  of  5000  increase  in  pulse 
length).  Using  500  ps  pulses,  10  sweeps  at  IW  average  power  barely  marked  the  surface 
of  the  pellet,  but  with  a  single  sweep  at  3W,  the  video  record  of  the  experiment  clearly 
showed  that  some  material  was  reacting,  as  is  shown  in  Fig  3.  Examination  of  the  pellet 
afterward  revealed  that  the  edges  of  the  cut  were  melted,  although  the  pellet  was  still 
intact.  Figure  4  shows  a  photo  of  the  cut  made  with  the  uncompressed  pulse.  It  is  clear 
that  ultra-short  pulses  are  essential  to  laser  cutting  and  machining  of  explosive  materials. 

We  performed  a  second  series  of  experiments  where  the  purpose  was  to  explore  hole 
drilling  and  to  try  to  measure  cutting  rates  more  precisely.  For  these  experiments  we  used 
LX- 16  because  of  its  sensitivity  and  used  compressed  pulses  for  all  of  the  experiments. 
Figure  5  shows  a  photo  of  several  holes  drilled  in  a  2-mm-thick  sample.  As  before,  we 
observed  no  evidence  of  reaction  in  the  LX- 16.  Our  cutting  rate  experiments  consisted  on 
performing  parallel  cuts  on  a  sample  and  varying  the  number  of  sweeps  or  the  power  on 


Figure  2.  Cuts  made  at  0.5  W  average  power;  (a)  LX- 1 4,  9  sweeps,  (b)  LX- 15,  1  sweep, 
(c)  LX- 17,  2  sweeps,  (d)  LX- 16, 1  sweep. 


each  cut.  We  then  rotated  the  sample  by  90°  and  cut  all  the  way  through  to  expose  the 
depths  of  the  cuts.  Unfortunately,  this  was  not  entirely  successful  because  it  appeared  that 
stress  relaxation  in  the  pressed  pellets  was  closing  up  the  cut  at  the  bottom  so  we  could 
not  measure  the  true  depth  of  the  cut.  For  these  experiments  the  laser  beam  was  only  25 
pm  across.  For  a  future  series  we  will  use  a  wider  beam.  Figure  6  shows  a  photo  of  a 
sectioned  LX- 16  sample  with  two  parallel  cuts. 
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(a)  (b) 

Figure  3.  LX-16  being  cut  with  (a)  100  fs  pulses  (0.5  W)  and  (b)  500  ps  pulses  (3  W). 
HE  reaction  is  clearly  contributing  to  the  plume  in  (b). 


Figure  4.  LX-16  cut  with  uncompressed  laser  pulses  with  average  power  of  3  W. 

In  the  second  series  of  experiments  we  also  explored  the  range  of  materials  that  could  be 
cut  using  femtosecond  laser  pulses.  We  chose  diamond  for  a  material  that  is  extremely 
difBcult  to  cut.  Diamond  does  not  absorb  at  820  nm,  but  the  beam  intensity  is  sufficient  to 
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100  pm  25  pm 

holes  holes 


Figure  5.  Holes  were  drilled  in  a  LX-16  sample  in  less  than  a  second.  The  25  pm  holes 
were  drilled  at  0.1  W  average  power  and  the  100  pm  holes  at  0.3  W  average  power. 


Figure  6.  Two  ~  25-pm-wide  cuts  made  in  LX-16  at  an  average  power  of  0.4  W. 
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produce  charge  carriers  by  multiphoton  processes.  These  carriers  can  produce  other 
carriers  by  avalanche  breakdown  in  the  strong  electric  field  and  a  plasma  is  thus  formed,  as 
discussed  above.  Our  interest  was  to  see  if  it  might  be  possible  to  machine  features  on  a 
diamond  surface.  Figure  7  shows  some  lines  scribed  on  the  surface  of  a  diamond  wafer. 

For  a  fragile  material  we  chose  a  low-density  Si02  aerogel  with  a  density  of  0.02  g/cm^. 
The  femtosecond  laser  beam  made  clean  cuts  as  shown  in  the  photo  of  Figure  8.  The  two 
cuts  on  the  left  were  made  in  vacuum,  the  cut  on  the  right  was  made  in  air.  The  damage 
around  the  cut  made  in  air  is  probably  due  shock  waves  firom  laser-induced  air  breakdown. 

DISCUSSION 

The  initial  experiments  we  have  performed  on  cutting  HE  with  a  femtosecond  laser  beam 
show  that  ultra-short  laser  pulses  have  great  promise  for  machining  HE  parts  and  for 
demilitarization  operations  on  munitions  and  munition  components  containing  energetic 
materials.  One  of  the  greatest  potential  advantages  in  machining  operations  is  that  laser 
machining  would  produce  virtually  no  waste.  Most  of  the  products  formed  from  the  laser- 
produced  plasma  will  be  benign  gases.  Chlorine  and  fluorine  from  binders  can  be 
scrubbed  and  carbon  particulates  can  be  easily  collected.  Because  the  laser  pulse  can  be 
adjusted  so  as  to  remove  only  a  few  microns  of  material  with  each  pulse,  precision 
machining  should  be  possible.  Obviously,  more  studies  and  a  great  deal  of  engineering 
will  be  needed  to  develop  laser  machining  of  HE  into  a  practical  tool  for  HE  processing.. 

Another  area  that  shows  great  promise  is  demilitarization.  Two  important  features  that 
the  femtosecond  laser  brings  to  this  arena  are  “cold”  cutting  of  both  metal  and  high 
explosives  and  the  surgical  precision  with  which  the  cuts  can  be  made.  When  cutting  open 
a  metal  munitions  casing,  the  casing  does  not  get  hot,  and  our  results  so  far  indicate  that 
one  could  safely  continue  cutting  into  the  HE.  If  one  wishes  to  salvage  high-value 
components,  the  focused  laser  beam  offers  unprecedented  precision  of  cutting  with  little 
loss  of  material. 
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It  is  clear  that  much  work  remains  to  be  done  to  explore  the  eapabilities  and  limitations  of 
femtosecond  laser  processing  of  explosives  and  explosive  components.  We  have 
demonstrated  that  the  laser  beam  cuts  a  wide  range  of  explosives  and  that  it  cuts  through 
steel/HE  interfaces  from  either  direction  with  no  evidence  of  thermal  effects.  We  need  to 
obtain  more  information  on  the  interaction  of  the  laser-produced  plasma  with  the  HE.  The 
plasma  itself  is  at  a  very  high  temperature  and  carries  thermal  energy.  As  long  as  the 
plasma  expands  and  cools  on  a  time  scale  short  enough  to  preclude  heat  transfer,  the 
explosive  will  remain  cool.  For  the  experiments  we  have  performed,  this  has  been  the 
case,  but  we  need  to  understand,  both  by  experiments  and  modeling,  the  conditions  under 
which  the  plasma  can  transfer  heat  to  nearby  surfaces  and  the  extent  of  HE  reaction  that 
can  be  produced  by  such  transfer.  This  is  important  in  setting  limits  on  laser  peak  power, 
scan  rate  and  depth  of  cut.  We  need  to  be  sure  that  there  are  no  unexpected  pitfalls  such 
as  cutting  into  internal  voids  or  gaps  at  interfeces.  It  is  important  that  we  understand  how 
the  plasma  interacts  with  HE  when  we  cut  metals  other  than  steel.  We  need  to  look  at 
other  explosives,  including  aluminized  explosives. 

Working  in  the  laser  laboratory  we  are  severely  Umited  in  the  quantity  of  HE  that  we  can 
use  in  our  experiments.  We  plan  to  obtain  a  portable  femtosecond  laser  system  that  we 
can  use  in  our  High  Explosives  Application  Facility  at  Livermore,  where  we  can  safely 
work  with  up  to  10  kg  of  HE  in  enclosed  firing  tanks.  The  larger  quantities  of  HE  will 
allow  us  to  perform  realistic  tests  of  the  safety  limits  on  the  operating  parameters. 

SUMMARY 

We  have  used  a  femtosecond  laser  beam  to  make  cuts  through  small  pressed  pellets  of  six 
common  high  explosives  (HE’s).  The  laser  system  produced  1 00  -  1 50  fs  pulses  of  820  nm 
light  at  a  repetition  rate  of  1  kHz.  Maximum  energy  per  pulse  was  3.5  mJ.  The  samples 
were  6.35-mm-diameter,  2-mm-thick,  pressed  pellets  of  various  explosives  mounted  on 
stainless  steel  substrates  whose  thickness  ranged  from  0.1 -1.2  mm.  Various  cutting  rates 
were  used  with  average  power  varying  from  O.IW  to  3W.  The  HE  was  easily  cut  at  low 
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power  levels.  At  0.5W  average  power,  one  or  two  sweeps  sufSced  to  cut  most  of  the 
pellets.  Experiments  were  also  performed  where  we  cut  through  both  the  HE  pellet  and 
the  stainless  steel  substrate  from  either  direction.  Explosives  that  were  cut  included  high- 
surface-area  PETN,  LX-16  (96%PETN/4%  FPC  461  binder),  LX-14  (95.5%  HMX/4.5% 
Estane),  LX-15  (95%  HNS/5%  Kel-F),  LX-17  (92.5%  TATB/7.5%  Kel-F),  PBX-9407 
(94%  RDX/6%  Exon  461),  and  pressed  TNT.  Absorption  of  such  short  pulses  transfers 
virtually  no  heat  to  the  material  being  cut  and  no  evidence  of  HE  burning  or 
decomposition  was  observed  on  the  cut  surfaces.  Numerous  applications  appear  feasible 
for  the  processing  of  energetic  materials,  including  HE  machining  and  demilitarization 
operations.  Further  experiments  are  planned  to  study  and  model  the  cutting  process.  We 
will  measure  the  cutting  rate  as  we  vary  the  peak  power  and  scan  rate  of  the  beam.  We 
win  cut  through  metal/EDE  interfaces  using  metals  other  than  steel,  e.g.  aluminum  and 
copper.  A  particular  concern  will  be  to  understand  the  interaction  of  the  laser-produced 
plasma  with  the  HE.  Longer-range  plans  include  installing  a  portable  femtosecond  laser 
system  in  our  High  Explosives  Application  Facility  so  that  we  can  perform  more  realistic 
experiments  and  verify  the  scaling  behavior  of  the  cutting  process. 
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METHOD  FOR  EXPERIMENTAL  STUDY  OF  FLAME 
SPREAD  ALONG  COMBUSTIBLE  NARROW  CHANNELS 


If’orC,.  ASSOVSKH*  and  Oleg  A.  KUDRYAVTSIiV** 

*Semenov  Institute  of  Chemical  Physics,  The  Russian  Academy  of  Sciences; 

Kosygin  St.  4,  Moscow  1 17977,  Russia.;  Fax;  (7-095)  938  2156; 

F.-mail;  assov@chph.rc.ac.ru 
**PVA1U,  Penza  440005,  Russia. 

The  purpose  of  this  paper  is  an  experimental  investigation  of  gas  flow  patterns  and 
ignition  mechanism  by  flame  penetration  into  narrow  chamicls  or  pores  of 
combustible  porous  materials.  An  original  experimental  method  is  proposed  for 
such  investigations.  This  method  includes  the  independent  and  simultaneous 
measurement  of  gas-pressure,  -temperature,  and  -velocity  at  several  points  of  gas 
flow  along  the  channel.  A  distinguishing  feature  of  this  method  is  the  registration 
of  ignition  front  position  during  the  inflammation,  using  small  inert  insets  in  the 
channel.  I'he  transition  of  ignition  front  through  that  inset  makes  the  typical  mark 
on  the  pressure  time  curve. 

The  capabilities  of  the  method  are  demonstrated  on  the  inflammation  of  semi- 
closed  cylindrical  channels  in  solid-propellant  grains.  It  is  shown  that  the  flame 
penetration  process  can  be  accompanied  by  pressure  oscillations  having  two 
modes  of  frequency.  The  amplitude  of  the  low-frequency  fluctuations  is  much 
more  than  amplitude  of  high  frequency  pressure  oscillations.  It  is  founded  how  the 
diameter  and  length  of  channel,  the  initial  gas-pressure  in  chamber,  and  initial 
temperature  of  propellant  influence  tbe  process  of  channel  inflammation. 
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EROSIVE  BURNING  OF  ENERGETIC  MATERIALS. 
EXPERIMENTAL  CHARACTERIZATION. 

Igor  G.  ASSOVSKII 

Semenov  Institute  of  Chemical  Physics  RAS 
Kosygin  St.  4,  Moscow  1 1 7  977,  Russia 
e-mail:  iga@icp.msk.ru 

Combustion  products  flowing  over  the  burning  surface  can  significantly  increase 
the  rate  of  solid  propellant  combustion.  This  phenomenon  (so-called  “razduva- 
niye”  [1]  or  “erosive  burning”  [2])  is  one  of  the  main  factors  (together  with  gas 
pressure  and  initial  temperature  of  propellant)  governing  the  combustion  rate  in 
propulsion  systems.  That  is  why  the  propulsion  systems  design  needs  data  on 
erosive  burning  obtained  with  high  accuraey.  Meanwhile  it  meets  some  principal 
problems,  as  determination  of  the  rate  needs  constancy  of  all  mentioned  factors 
during  a  test  time. 

A  traditional  experimental  method  is  a  fire-test  of  propellant  in  a  model  rocket 
motor.  Majority  of  such  data  is  based  on  direct  measurement  of  a  part  of  propellant 
grain  burnt  during  respectively  long  time  interval  (between  ignition  and 
extinction).  Thus  it  is  impossible  to  obtain  the  instant  local  rate  with  high 
accuracy,  especially  for  thin  propellant  elements.  In  addition,  the  erosive  burning 
takes  place  coincidentally  with  the  effect  of  unsteady  accelerated  combustion  after 
ignition  [3],  These  obstacles  cause  wide  scattering  of  experimental  data  for  erosive 
burning.  Therefore  it  is  necessary  to  devise  a  method  to  derive  the  instant  local 
rate  without  any  interruption  of  combustion  process  and  gross  error  of  averaging. 

The  main  purpose  of  this  paper  is  to  propose  such  an  experimental-calculating 
method  to  derive  the  erosive  burning  law  using  correlation  between  the  burning 
rate  and  the  pressure-time  curve  of  combustion  chamber.  Such  a  correlation  is 
established  employing  a  theoretical  model  that  takes  into  account  dependence  of 
the  instant  rate  on  local  values  of  pressure  and  gas  flow  velocity,  as  well  as  on 
ignition  conditions.  This  method  gives  a  possibility  to  obtain  new  data  on  the 
combustion  and  ignition  processes  or  to  correct  the  data  obtained  from  the  tests  in 
closed  bombs.  Capability  of  this  method  is  demonstrated  for  example  of  double 
base  propellant  charges  having  tubular  elements. 

1.  Lcypunskii  O.I.  On  Physical  Fundamentals  of  Interior  Ballistics  of  Missiles.  Doct  dissertation, 
Moscow,  Inst.  Chem.  Phys.,  1945.  Reprinted  in:  “Theory  of  the  Combustion  of  Powders  and 
Explosives”,  Moscow,  Nauka,  1982,  p,226  (in  Russian). 

2.  Wimpress  R.  N.  Internal  Ballistics  of  Solid-Fuel  Rockets,  NY,  1950,  McGrow-Hill. 

3.  Assovskii  I.G.,  Theory  of  Non-stcady-statc  Combustion  of  Fuel  at  High  Pressure,  Dokl.  Phys. 
Chem.,  Proc.  Aead.  Scien.  USSR,  Vol.  294,  Nos.  1-3,  pp.  421-424,  (1987). 
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TECHNISCHE  HARMONISIERUNG  IN  DER  EUROPAISCHEN 
GEMEINSCHAFT  -  CE  -  KENNZEICHNUNG  FUR  ZIVILE  TREIBMITTEL 

Dr.  Heike  Michaet-Schulz 

Bundesanstalt  fur  Materialforschung  und  -prufung 
Unter  den  Eichen  87 
D-12205  Berlin 

Abstract; 

The  attempt  to  harmonization  of  regulations  in  Europe  keep  on.  With  coming  into 
force  of  the  Council  Directive  93/15/EEC  of  5  April  1993  on  the  harmonization  of  the 
provisions  relating  to  the  placing  on  the  market  and  supervision  of  explosives  for  civil 
uses  the  regulations  of  the  rules  of  the  separate  member  states  are  changed,  the 
proceeding  will  be  standardized  within  Europe.  It  will  have  two  parts;  the  proceeding 
of  EU  -  conformity  of  type  and  the  proceeding  of  quality  system  for  the  products.  The 
propellants  for  civil  uses  will  be  characterized  by  a  representative  example,  by  per¬ 
forming  the  requirements  the  propellants  get  a  CE-mark  and  could  be  transfer  in  the 
community. 

Zusammenfassung: 

Die  Bestrebung  zur  Harmonisierung  von  Rechtsvorschriften  innerhalb  Europas 
schreitet  immer  welter  voran.  Mit  Inkrafttreten  der  Richtlinie  93/1 5/  EWG  des  Rates 
vom  5.  April  1993  zur  Harmonisierung  der  Bestimmungen  uber  das  Inverkehrbringen 
und  die  Kontrolle  von  Explosivstoffen  fur  zivile  Zwecke  andern  sich  die  gesetzlichen 
Vorschriften  der  Regelwerke  der  einzelnen  Mitgliedstaaten  -  das  Verfahren  wird  in¬ 
nerhalb  Europas  vereinheitlicht.  Es  gliedert  sich  in  zwei  Bereiche;  das  Verfahren  der 
EG-  BaumusterprQfung  und  das  Qualitatssicherungssystem  fur  die  Produkte.  Die 
Treibmittel  fur  zivile  Zwecke  werden  durch  ein  vorgelegtes  Baumuster  charakterisiert, 
erhalten  bei  Erfiillung  der  Anforderungen  ein  CE  -Zeichen  und  konnen  innerhalb  der 
EU  inverkehrgebracht  werden. 
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Einleitung: 

Innerhalb  der  europaischen  Gemeinschaft  erfolgen  technische  Harmonisierungen 
nach  einem  einheitlichen  Konzept. 

Mit  Einfuhrung  des  Binnenmarktes  am  1.  Januar  1993  wird  derfreie  Warenverkehr 
im  Gemeinschaftsgebiet  ermdglicht.  Voraussetzung  hierfur  ist  die  Anwendung  ge- 
meinschaftlicher  Richtlinien  zur  Harmonisierung  im  technischen  Bereich,  die  Gruppen 
von  Industrieerzeugnissen  wie  z.B.  Maschinen,  Bauprodukte,  personliche 
Schutzausrustung,  Telekommunikation  Oder  auch  Spielzeug  betreffen. 

Die  Richtlinie  93/15/EV\/G  des  Rates  vom  5.  April  1993  zur  Harmonisierung  der  Be- 
stimmung  iiber  das  Inverkehrbringen  und  die  Kontrolle  von  Explosivstoffen  fur  zivile 
Zwecke  regelt  den  Warenverkehr  mit  Explosivstoffen. 

Die  Mitgliedstaaten  sind  verpflichtet  den  Inhalt  der  Richtlinie  innerhalb  einer  festge- 
legten  Frist  in  nationales  Recht  umzusetzen. 

Das  Umsetzen  der  Richtlinie  93/15/EWG,  die  Rechte  und  Pflichten  der  Beteiligten 
begrOndet,  erfoigt  in  der  Bundesrepublik  Deutschland  durch  Gesetze  Oder  Verord- 
nungen. 

In  der  Bundesrepublik  Deutschland  wird  deshalb  ein  Anderungsgesetz  zum  Spreng- 
stoffgesetz  vorbereitet,  das  Anderungen  im  Sprengstoffgesetz  und  in  der  I.SprengV 
beinhalten  wird. 

Von  der  Richtlinie  werden  nur  die  Explosivstoffe  fur  die  zivile  Verwendung  erfalJt. 

Alle  Treibmittel,  Sprengstoffe,  Zunderund  Sprengschnure,  die  als  Explosivstoffe  in 
der  8.  revidierten  Fassung  der  „Empfehlungen  der  Vereinten  Nationen  iiber  die  Be- 
fbrderung  gefahrlicher  Giiter"  als  solche  betrachtet  werden  und  die  in  diesen  Emp- 
fehlungen  der  Klasse  1  zugeordnet  sind,  unterliegen  der  Richtlinie.  Kiinftig  sind  alle 
diese  Explosivstoffe  mit  einem  CE  -  Zeichen  zu  kennzeichnen. 
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Unterdie  Treibmittel  fallen  Treibladungspulver,  Raketenmotoren  und  Festtrelbstoffe. 
Auch  Schwarzpulver  unterliegt  der  Pfiicht  zur  CE  -  Kennzeichnung  bei  Verwendung 
als  Treibladungspulver,  Sprengpulver  und  in  gepreflter  Form  als  Antrieb  fur  Modell- 
raketen 

Ausgenommen  von  der  Richtlinie  sind  pyrotechnische  Erzeugnisse  und  Munition  so- 
wie  Explosivstoffe  die  nach  einzelstaatlichen  Bestimmungen  zur  Verwendung  durch 
die  Streitkrafte  und  die  Polizei  bestimmt  sind. 


Inverkehrbringen  und  Verbringen 

Unter  Inverkehrbringen  wird  jede  erstmalige  entgeltliche  Oder  unentgeltliche  Bereit- 
stellung  eines  unter  die  Richtlinie  fallenden  Explosivstoffes  auf  dem  Gemeinschafts- 
markt  fur  den  Vertrieb  und/oder  die  Benutzung  im  Gebiet  der  Gemeinschaft  -  aber 
nicht  die  Verwendung  der  Explosivstoffe  selbst  -  verstanden. 

Vom  Inverkehrbringen  ist  das  Verbringen  zu  unterscheiden. 

Unter  Verbringung  ist  jede  tatsachliche  Verbringung  innerhalb  des  Gemeinschafts- 
gebiets  unter  AusschluiJ  der  Verbringungen,  die  an  ein  und  dem  selben  Ort  stattfin- 
den,  zu  verstehen. 

Das  Befordern  von  Explosivstoffen  innerhalb  einer  Betriebsstatte  ist  somit  kein  Ver¬ 
bringen  und  setzt  deshalb  auch  nicht  die  Pfiicht  zur  CE  -  Kennzeichnung  der  befor- 
derten  Explosivstoffe  voraus. 

Export  und  Import  beziehen  sich  kiinftig  nur  noch  auf  den  Warenverkehr  zwischen 
der  Gemeinschaft  und  Drittlandern, 

Mit  Inkrafttreten  der  Richtlinie  diirfen  in  der  Gemeinschaft  nur  noch  Produkte  in  den 
Verkehr  gebracht  warden,  die  die  Anforderungen  der  Richtlinie  erfullen.  Derartige 
Produkte  sind  durch  das  CE  -  Zeichen  erkennbar. 

Die  Verbringung  von  Explosivstoffen  innerhalb  der  Europaischen  Gemeinschaft  un¬ 
terliegt  durch  den  Wegfall  der  Binnengrenzen,  der  Kontrolle  der  national  zustandigen 
Behorden. 

Der  Verbringensvorgang  bedarf  somit  der  Genehmigung  durch  die  zustandigen  Be¬ 
horden.  Eine  Voraussetzung  fur  die  Verbringensgenehmigung  ist  ein  rechtmaliig  mit 
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dem  CE  -  Zeichen  gekennzeichneter  Explosivstoff.  AuUerdem  mQssen  die  beteiligten 
Personen  zum  Verbringen  befugt  sein. 

Die  Genehmigung  zur  Verbringung  muli  der  Empfanger  des  Expiosivstoffes  beantra- 
gen. 

Jeder  am  Verbringensvorgang  beteiligte  Mitgliedstaat  muU  der  Verbringung  zustim- 
men.  Der  Empfanger  sorgt  fur  die  Obersendung  der  Genehmigungen  an  den  Absen- 
der. 

Die  Verbringensgenehmigung  begleitet  den  Expiosivstoff  bis  zu  seinem  Bestim- 
mungsort. 

CE  -  Kennzeichnung  und  die  unterschiedlichen  Module 

Ein  unter  die  Richtiinie  93/1 5/EWG  fallender  Explosivstoff  kann  nur  in  Verkehr  ge- 
bracht  werden,  wenn  er  die  Anforderungen  der  Richtiinie  erfullt. 

Eine  hierfur  benannte  Steiie  uberprCift  anhand  eines  Baumusters,  ob  die  Anforderun¬ 
gen  der  Richtiinie  erfullt  sind  (EG  -  BaumusterprOfung  Oder  Modul  B). 

Innerhalb  Europas  wird  es  mehrere  benannte  Stellen  geben,  diese  werden  von  den 
Mitgliedstaaten  gegenuber  der  Kommission  fur  die  jeweiiige  Aufgaben  benannt. 

Den  Antrag  aufeine  EG-Baumusterprufbescheinigung  kann  nur  der  Hersteller  Oder 
sein  in  der  EU  -  ansassiger  Bevollmachtigter  nur  bei  einer  der  dafur  benannten  Stel- 
ien  in  Europa  stellen. 

Erfiiilt  das  Baumuster  die  Anforderungen  der  Richtiinie,  erstellt  die  benannte  Steiie 
eine  EG  -  Baumusterprufbescheinigung.  Diese  ist  die  Voraussetzung  dafur,  da(i  der 
Hersteiler  die  dem  Baumuster  nachgefertigten  Produkte  mit  einem  CE  -  Zeichen  ver- 
sehen  kann. 

Mit  Hiife  eines  geeigneten  Verfahrens  muB  der  Herstelier  sicherstelien,  daB  die 
nachgefertigten  Produkte  dem  Baumuster  entsprechen. 

Die  Richtiinie  legt  fur  diesen  Zweck  mehrere  Verfahren  fest,  der  Hersteiler  kann  zwi- 
schen  diesen  Verfahren,  auch  als  Module  bezeichnet,  wahlen. 

Fur  die  Expiosivstoffe  kommen  im  Prinzip  nur  die  Moduie  C,  D,  E  und  F  in  Betracht. 
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Die  Module  C  und  F  gehen  davon  aus,  daU  der  Hersteller  uber  kein  zertifiziertes 
Qualitatssicherungssystem  verfiigt.  Der  Hersteller  beauftragt  in  diesem  Fall  durch 
Vertrag  eine  fur  diese  Aufgabe  benannte  Stelle  mit  der  Oberprufung  der  Konformitat 
zwischen  Baumuster  und  nachgefertigten  Produkten. 

Die  benannte  Stelle  priift  stichprobenartig  bestimmte  sicherheltsrelevante  Aspekte  an 
den  nachgefertigten  Produkten  und  bescheinigt  bei  Obereinstimmung  die  Konformitat 
der  nachgefertigten  Produkte  mit  dem  Baumuster. 

Die  Module  D  und  E  setzen  eln  zertifiziertes  Qualitatssicherungssystem  des  Her- 
stellers  voraus.  Eine  fur  diese  Aufgabe  benannte  Stelle  uberpruft  regelmaUig  das 
Qualitatssicherungssystem.  Der  Hersteller  bescheinigt  die  Konformitat  von  Baumu¬ 
ster  und  nachgefertigtem  Produkt. 


Die  EG  -  Baumusterprufbeschelnigung  (Modul  B)  und  die  Sicherung  der  Kon¬ 
formitat  der  nachgefertigten  Produkte  mit  Hilfe  eines  der  Moduie  C,  D,  E  Oder  F 
ergeben  die  Berechtigung  zur  CE  -  Kennzeichnung  eines  Expiosivstoffes. 
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ABSTKACT 


As  the.  basis  of  devonation  model  ,  C-J"  theory  has  been  proposed 
for  near  one  hundred  years  and  has  been  successfully  used  in  detonation 
study  and  practice  .  At  the  same  time  ,  some  imperfections  of  this  theory 
are  also  found  ;  for  C-J  point  is  an  instant  and  intermediate 
condition  *  the  measured  so-called  C-J  pressure  and  temperature 
deviate  from  theoretical  result  obviously;  it  is  hard  to  explain  the 
situation  in  expansion  area  (rarefaction  )wi  ih  C-J  theory;  etc-”  All 
of  these  weakness  of  C-J  theory  are  thoroughly  discussed  in  this  paper. 

Based  on  theoretically  analysis  ,  a  new  detonation  model  has  been 
proposed  fay  this  paper  .  The  C-J  condi  lion  ,  i.  e.  u=l)+C  i  s  not  ci  led  in  this 
theory.  Comparing  with  the  C-J  theory,  the  advantage  of  this  model  is 
that  the  aft-explosion  condition  is  described  clearly  and 
definitely.  Because  the  properties  of  original  explosives  and  final 
products  h,H.ve  been  fully  considered  ,  the  lesull  obtained  are  more 
reasonable  and  significant  in  both  theory  and  practice. 


Keywords:  Detonation  model  ,  C-J  theory. 
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NUMERICAL  EXPERIMENT  ON  DETERMINATION  OF  LIQUID  EXPLOSIVES 
INITIATION  BY  IMPACT 
A. V. Dubovik 

Semenov  Inst i tut  of  Chemical  Physics  RAS 
Kosygin  Str.  i,  117977  Moscow,  Russia 

Numerical  experiment  on  determination  of  minimal  energy  initiati¬ 
on  En,  depending  on  thickness  of  liquid  explosive  (LE)  charges  ho  .lo¬ 
cating  in  the  clearance  between  plane  surfaces  of  striker  and  anvil, 
is  presented.  Statement  of  the  experiment  simulates  the  conditions  of 
real  testings  any  explosives  on  sensitivity  to  impact.  Obtained  re¬ 
sults  are  evidenced  that  there  are  exist  LE  layer  with  "soft"  type  of 
mechanical  behavior,  which  more  intensive  takes  up  the  energy  from 
striker.  Soft  layer  is  heated  up  stronger  than  other  layers  at  given 
energy  of  impact.  This  layer  formes  the  critical  thickness  layer  hj,  , 
which  characterized  by  absolute  minimum  of  initiation  energy  Eg  .  The 
existing  in  charges  under  test  more  thicker  layer  with  "stiff"  type  of 
mechanical  behavior  explaines  a  non-monotonic  variation  of  E^Cho)  de¬ 
pendence.  Necessary  experimental  data  on  non-monotonic  E^ (ho)  depen¬ 
dence  for  row  of  liquid  and  solid  explosives  are  presented  in  [1,21. 

Two-dimensional  mathematical  model  of  spreading  and  heating  LE 
during  the  impact  is  developed  in  [31.  This  model  includes  the  hydro- 
dynamical  equations  for  average  (along  layer’s  thickness)  and  local 
(Lagrangian)  values  of  velocities,  pressures  and  temperatures  in  liqu¬ 
id  flow.  These  equations  is  completed  by  the  equations  for  striker’s 
braking  which  determines  the  values  on  the  contact  boundary  with  stri¬ 
ker  (anvil)  and  velocity  for  striker’s  center  of  attraction.  Dynamic 
viscosity  is  assumed  to  change  according  to  exponential  low 

n=  hq  exp[-(U/GTo)(T/To-l)+p(P-Po)) 

where  U-  activation  energy  for  viscous  flow,  p-  piezocoefficient  of 
viscosity,  G  -  gas  constant.  Initial  values  are  marked  by  interior  in- 
’dexes  0. 

Numerical  experiment  on  LE  initiation  was  carried  out  like  that. 
For  given  layer’s  thickness  ho  it  is  assumed  the  initial  velocity  of 
impact  Vo  and  Lagrangian  (particle)  coordinates  (ro.Zo),  Under  explo¬ 
sion  condition  the  law  of  particle  temperature  variation  T(t)  must  be 
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SO  as 

f=  Xdt/t[T(t)]  =1 
0 

where  t(T)-  induction  period  under  temperature  T,  ti,-  time  of  explosi¬ 
on.  The  explosion  condition  must  be  fulfilled  under  next  limitations 
on  particle  state  in  the  flow:  1)  point  of  explosion  ri,  must  be  in  the 
limits  of  striker  (rt,<  R-  radius  of  striker);  2)  time  of  explosion 
must  be  lower  than  time  of  impact  (t[3<tk);  3)  for  all  particles  f<l 
except  of  "the  hotest"  one.  Further  after  variation  of  independental 
values  Vo,ro,Zo  it  is  determined  the  minimal  energy  of  initiation 
E„,=MVo^/2  for  given  ho.  By  analogy  with  that  case  it  is  determined  all 
dependence  E„(ho). 

Connecting  equation's  system  of  hydrodynamics,  dynamics  of  impact 
and  explosion  delay  was  integrated  on  personal  computer  in  according 
to  modified  program  STIFFR  from  MATHCAD  5. 0+.  Accuracy  of  determinati¬ 
on  ro  was  not  more  than  100  pi,  Zq-  10  pi,  Vq  -  1  mra/s. 

As  known  from  the  experiment  [1,2]  LE  charge  of  any  thickness  ho 
may  be  exploded  by  impact  with  minimal  energy  En,=MgHo  (Vo=|/2gHo).  Em¬ 
pirical  dependence  Era(ho)  has  a  form  of  strong  dropping  curve  for 
0<ho<hc.  For  ho>hc  initiation  energy  is  roughly  constant  E„=Ec  (type 
3)  or  it  is  increased  to  value  Eg.  For  ho>hs  initiation  energy  may  be 
roughly  constant  E„=Es  (type  2)  or  it  is  decreasing  function  to  value 
E„=En  >Ec.  For  ho>hn  initiation  energy  is  roughly  constant  Ej,  (type 
1).  Thus  curves  type  2  or  3  may  be  obtained  from  one  type  1  when  hn-»hs 
or  hn-^hc  accordingly  (fig.  1). 

Numerical  simulation  of  impact  initiation  LE  charges  shows  Em(ho) 
dependeces  as  empirical  ones.  For  example  we  consider  the  results  of 
numerical  experiment  on  hypothetical  explosive  with  p=1500  kg/m^, 
Cp=l,25  kJ/(kg.K),  Pa.s,  U=80  kJ/mol,  p=5  GPa'^,  thermochemical 
and  kinetic  parameters  Q=4,3  MJ/kg.  E=165  MJ/mol,  Z=4*10^^  s'^,  coef¬ 
ficient  of  heat  removal  from  LE  to  striker  (anvil)  3  kW/(m^.K).  Para¬ 
meters  of  impact  system  :  mechanical  stiffness  0,35  GN/m,  diameter  of 
striker  2R=19  mm,  drop  weight  5  kg. 

Calculated  curve  E^iho)  and  experimental  points  are  presented  on 
fig.  2.  Real  experiment  was  made  with  pasteous  mixture  fine-grained 
HMX,  A1  and  binder.  Obtained  dependence  E„,(ho)  belongs  to  1-rd  type 
ones.  The  curve  has  absolute  minimum  Ec=34, 5  J  in  point  hp =0,225  mm 
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and  characteristic  maximum  Es=49, 1  J  in  hs=0,  35  mm.  For  all  ho>hn=0,  5 
mm  the  value  En=40  J  is  approximately  constant  and  En>Ec. 

In  order  to  better  understand  the  reason  of  non-monotonic  curve 
change  we  turn  to  fig. 3  where  is  shown  time-dependent  picture  the 
changing  of  impact  parameters  under  critical  conditions:  h,,  =0,225  mm, 
Vc=3, 715  m/s.  Observed  particle,  which  "the  hotest"  one,  is  placed  in 
point  with  Tq  =3,0  mm  and  Zo=0. 06  jam.  At  the  beginning  of  impact  the 
viscosity  is  increased  because  of  the  pressure  rises  and  elastic  ener¬ 
gy  of  striker  is  increased  also.  LE  temperature  is  increased  very 
small.  However  because  of  strong  temperature-viscosity  dependence  the 
viscosity  drops  and  after  it  the  pressure  breaks  down  also  from  value 
Pc =0,495  GPa.  Elastic  energy  of  striker  transits  to  energy  of  liquid 
stream  and  LE  temperature  is  increased  to  maximum  T|„=668  K.  Note  the 
main  heating  of  particle  take  place  not  in  time  of  maximum  striker’s 
surface  velocity  w„=ll,4  m/s  but  in  time  of  coming  the  spreading  wave 
in  point  Tq.  At  that  time  inertial  forces  is  negative  and  viscous 
pressure  rises  above  middle  pressure  p.  Maximal  velocity  of  dissipati¬ 
on  energy  Qn,  is  20,4  kW/jil-  Immidiately  after  maximums  q  and  T  value 
f^l  what  meanes  the  initiation  of  explosion  in  time  of  t5=0, 6  t^.  At 
that  time  the  particle  is  stopped  in  0,2  R  from  the  border  of  striker 
and  approximately  in  the  middle  of  compressed  layer  which  thickness  is 
95  nm.  Maximal  value  of  Reynolds  number  Re^  in  spreading  flow  is  28,2. 

Consider  fig.  4  where  are  presented  the  extremal  parameters  of  im¬ 
pact  with  critical  energy  Ep  for  different  hg.  All  curves  have  charac¬ 
teristic  extremums  in  points  of  hc=0, 225  mm  and  hs=0, 35  mm.  The  charge 
of  thickness  he  names  "soft"  as  it  is  compressed  to  minimal  thickness 
hk=92  nm  and  it  absorbs  maximal  part  of  impact  energy  ej =0,725  Ec 
(viscous  part  of  energy  e^  is  0,47  ej).  After  impact  the  striker  rebo¬ 
unds  from  hk  with  velocity  Vk=0, 52  Vp.  This  charge  is  heated  the 
strongest  and  the  fastest  than  other  charges. 

In  contrast  to  hp  the  charge  of  thickness  hg  names  "stiff"  as  it 
is  compressed  to  maximal  thickness  hk=130  nm  and  it  absorbs  only  58% 
Eg.  The  velocity  of  rebound  is  0,65  maximal  velocity  of  heat  dis¬ 
sipation  is  13,  7  kW/>il,  temperature  T„  =619  K.  Therefore  maximum 
fp,=0, 14  and  the  explosion  is  absent.  For  all  ho>hn=0,5  mm  the  values 
of  extremal  parameters  is  roughly  constant. 

For  all  ho ’‘he  the  explosins  are  absent.  In  order  to  explode  its 
it  is  necessary  to  lift  the  impact  energy  Eq  more  than  E^  and  the  most 
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level  of  this  lifting  must  be  made  for  ho=ha.  For  all  ho>hn  the  lift 
of  Eq  must  be  roughly  constant. 

Considering  fig. 2  we  may  convince  in  justing  of  this  conclusion. 
In  fact  the  local  maximum  of  initiation  energy  Eg  take  place  for 
"stiff"  layer  hg,  absolute  minimum  of  initiation  energy  El-  -  in  h^.  and 
for  all  ho>hn  the  initiation  energy  E,,  is  roughly  constant.  As  one  wo¬ 
uld  expect  from  condition  f=l  along  curve  E„(ho)  the  values  T^=668±0 
K,  q^=20j8±0,  4  kW/jil,  hb=98±2  nm  are  conserved  as  constants.  Although 
impact  time  t^  increases  with  ho  but  the  time  At  from  beginning  of 
pressure  drop  tp  to  moment  of  explosion  t^  has  a  week  minimum  At„,  =86 
MS  under  ho=hf, . 

It  was  made  other  numerical  experiments  on  initiation  LE  with 
different  rheology  but  the  same  explosion  characteristics.  These  cal¬ 
culations  shown  the  5-fold  decreasing  mo  brings  to  En,(ho)  dependence 
2-nd  type  and  additional  2-fold  decreasing  U  brings  to  E„(ho)  depen¬ 
dence  3-rd  type  (fig. 1).  Some  obtained  results  are  presented  in  Table. 


Table 


Fig. 1.  Schematic  diagram  of 
En,(ho)  dependences 


Type  E„ (ho ) 

1 

1  1 

2  1 

3 

Mo 

Pas 

1 

50  1 

10  1 

10 

u 

kJ/mol 

1 

80  1 

1 

80  1 

1 

40 

E. 

1 

12,2  1 

1 

10,2  1 

4,97 

Pc 

GPa 

1 

0, 495 1 

0, 4481 

0,257 

he 

mm 

0,  225 1 

0,  11  1 

0,20 

Rem 

1 

28,2  1 

28,  5  1 

0,  762 

Qm 

kJ/Ml 

1 

20,4  1 

34,3  1 

6,09 

T 

K 

668  1 

674  1 

629 

At 

MS 

86,0  1 

63,8  1 

218 

Er. 

3/cm^ 

.14,0  1 

22,2  1 

6,  11 

As  follows  from  the  Table,  the  5-fold  decreasing  mo  brings  into 
slightly  increasing  of  LE  sensitivity  which  is  characterized  by  the 


values  of  Ec  and  pc-  But  additional  2-fold  decreasing  U  increases  LE 
sensitivity  most  visible.  Small  U  equivalent  to  weak  dependence  m(T). 
Therefore  LE  type  3  may  be  considered  as  isoviscous  liquid.  The  impact 
compression  of  this  LE  runs  in  noninertial  regime  (Re«l).  The  viscosi- 
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ty  plays  a  two-fold  role  in  explosion  initiation  of  LE.  It  increases 
dissipation  velocity  of  impact  energy  but  it  increases  the  crushing 
strength  of  liquid  layer.  In  result  the  maximal  impact  temperature  may 
be  small.  Often  great  impact  time  t^  and  concerned  with  its  long  time 
of  dissipation  heating  At  plays  a  dominant  part  in  the  explosion  ini¬ 
tiation. 

In  the  case  of  a  strong  temperature-viscosity  dependence  (high  U) 
the  pressure  dropping  due  to  heat  instability  of  LE  layer  under  load 
[1]  has  a  break  down  character.  In  the  break  down  moment  tp  the  stri¬ 
ker  accumulates  up  to  80  %  impact  energy  E,,  and  break  down  pressure  p^, 
is  about  0,5  GPa.  This  high  pressure  may  be  produced  only  at  very  thin 
layer  of  LE.  The  less  jig  the  less  must  be  h,,  to  produce  the  same  pres¬ 
sure  under  roughly  the  same  E,, .  Therefore  it  is  observed  a  weak  depen¬ 
dence  of  LE  sensitivity  on  the  jjio.  if  the  value  po  is  not  so  big. 

Thus  the  variation  of  rheological  characteristics  LE  only  gives  a 
possibility  to  explain  qualitative  the  origine  of  different  types 
En,(ho)  dependences  and  LE  sensitivities  to  impact.  All  extremums  at 
these  dependences  may  be  explained  due  to  new  insight  about  substati- 
ally  different  mechanical  behavior  of  LE  charges  under  impact,  in  par¬ 
ticular  the  existence  of  soft  and  stiff  layers.  To  obtain  quantitative 
characteristic  of  LE  sensitivity  it  is  necessary  to  have  an  accurate 
data  about  its  rheological  and  explosive  properties. 

After  all  it  is  necessary  to  discuss  one  principal  conclusion 
from  this  work  about  the  justification  of  the  choice  Eg  (or  Pp)  as  an 
absolute  index  of  explosive  sensitivity  to  impact.  As  per  fig. 2  the 
interval  of  hg  near  hp  is  narrow  in  comparison  with  wide  range  ho>h„. 
In  this  range  ho  the  initiation  energy  E„>Ec  but  the  change  Er,  is  not 
coinciding  with  Ep  change  (see  Table).  Therefore  the  using  only  E^.  as 
a  characteristics  of  impact  sensitivity  may  br'ing  into  some  overesti¬ 
mation  (or  underestimation)  of  real  explosive  hazard. 
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Fig. 2.  Initiation  parameters  according  to  ho:  1-  En,(in  J),  2-  re¬ 
bound  velocity  V|^/Vo,  3-  striker  elastic  energy- liquid 

energy  ratio  eg/ej,  4-explosion  delay  At=tp-tb(in  ns),  tp- 
moment  of  pressure  break  down  beginning. 


6-  (T/T„-l);  7-  f.  Scale  values:  p^=0,548  GPa,  Ho=50  Pas,  T|,=293  K,  Vc=3,71  m/s,  t„=60,6  |is. 
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Fig. 4.  Extremal  impact  parameters  according  to  ho  under  Ep  =12,2 
J/cm^:  1-  hk  (in  jim),  2-  \/Vo,  3-  e^  (in  J/mD,  4-  (in 
KW/mD,  5-  (T„/To-l),  6-  (in  MPas),  7- 
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ANOMALOUS  DETONATION  OF  CONDENSED  EXPLOSIVES 
WITH  THE  CJ  CONDITION  VIOLATION  AND 
CHANGE  IN  CARBON  PHASE  STATE 


Sergey  B.  Victorov  and  Sereev  A.  Gubin 
Moscow  State  Engineering  Physics  Institute  (Technical  University), 

31,  Kashirskoe  shosse,  Moscow,  115409,  Russia 

Previous  theoretical  investigations  of  TNT  detonation  associate  a  break  in  the  D  vs 
PO  slope  at  initial  density  po  =  1.55  g/cm^  with  the  graphite  to  diamond  transition  and 
assume  that  both  phases  of  solid  carbon  (i.e.  graphite  and  diamond)  are  present  in  the  TNT 
detonation  products  at  po  >  1.55  g/cm^.  We  have  computed  the  detonation  properties  of  two 
explosives,  carbon-rich  TNT  and  carbon-poor  RDX.  The  size  and  structure  effects  of  solid 
carbon  clusters  were  taken  into  account.  The  results  of  this  study  show  that  coexistence  of 
both  the  graphite  and  diamond  phases  of  solid  carbon  in  the  detonation  products  of 
considered  explosives  is  impossible  at  any  po-  Depending  on  pQ,  the  condensed  detonation 
products  consist  of  either  graphite  or  diamond.  Both  explosives  have  a  range  of  po  where 
their  detonation  occurs  in  anomalous  mode;  the  CJ  condition  of  equality  between  sound  and 
detonation  products  velocities  is  not  satisfied  but  the  detonation  is  stable.  Our  calculations 
yield  sharp  increase  of  temperature  and  pressure  of  the  detonation  products  at  the  beginning 
of  the  «anomalous  region»  of  pQ.  The  predicted  values  of  po  corresponding  to  the 
anomalous  mode  of  detonation  are  sensitive  to  size  and  structure  of  the  graphite  and  diamond 
clusters.  We  suggest  experiments  on  detonation  pressure  of  porous  explosives  that  should 
reveal  whether  the  predicted  anomalous  mode  of  detonation  occurs  and  that  will  help  us 
specify  the  parameters  of  solid  carbon  clusters  in  detonation  products. 

1.  INTRODUCTION 

Condensed  carbon  presents  in  detonation  products  of  many  high  explosives 
(HE).  Its  principal  phase  states  are  graphite,  diamond  and  liquid.  Carbon  phase  state  in 
detonation  products  depends  on  their  temperature  and  pressure  and  affects  to 
detonation  parameters  of  explosives  because  distinct  carbon  phases  have  different 
thermodynamic  properties.  Therefore,  knowledge  of  carbon  phase  state  in  detonation 
products  is  important  for  accurate  prediction  of  HE  detonation  characteristics. 
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We  have  researched  the  detonation  properties  of  carbon-rich  TNT  and  carbon- 
poor  RDX  to  show  how  changes  of  carbon  phase  state  in  detonation  products 
influence  HE  detonation  parameters. 

Besides  different  carbon  content  several  other  factors  motivate  the  study  of 
these  two  explosives.  There  are  a  lot  of  precise  experimental  data  on  detonation 
parameters  of  TNT  and  RDX.  Hence,  it  is  possible  to  compare  calculated  detonation 
parameters  with  experimental  ones.  Both  explosives  have  breaks  in  their  experimental 
dependencies  of  detonation  pressure  and  velocity  slope  on  initial  charge  density. 
These  breaks  seem  to  be  result  of  phase  transitions  in  the  detonation  products.  Thus, 
the  choice  of  TNT  and  RDX  for  studying  effects  of  carbon  phase  transitions  on  HE 
detonation  behavior  is  quite  justified. 

2.  THEORY 

The  chemical  formula  of  TNT  is  C7H5N3O6  and  of  RDX  is  CjHjNjOj.  The 
standard  heats  (enthalpies)  of  formation  of  TNT  and  RDX  are  equal  to  -17.8  and  14.7 
kcal/mole,  respectively.  We  assume  that  both  explosives  produce  the  only  gaseous 
phase  and  a  solid  carbon  phases,  i.e.  graphite  or  diamond.  The  gaseous  phase  consists 
of  14  gaseous  species  (C,  Cj,  Cj,  CH4,  CO,  COj,  Hj,  HjO,  Nj,  NjO,  NH3,  NO,  NOj, 
O3). 

The  Gibbs  free  energy  G  of  k  reacting  species  is 

k 

G(T,p.ni,...,ni^  =  Y,  »jVj(T,p,ni . 

j=l 

where  T  -  temperature,  p  -  pressure,  nj  -  molar  concentrations,  pj  -  chemical  potentials 
for  gas  and  solid  species. 

We  have  used  BKW  equation  of  state  (EOS)  for  the  gaseous  phase  with  our 
own  set  of  EOS  coefficients  BKW-RR  [1]. 

To  describe  thermodynamic  properties  of  solid  carbon  phases  more  accurately 
we  have  obtained  new  EOS  for  graphite  and  diamond  with  the  Griineisen  gamma 
depending  on  specific  volume  only.  All  available  experimental  data  on  thermal 
expansion,  heat  capacity,  shock-wave  and  static  compression  have  been  used  to 
determine  the  best  EOS  parameters.  These  EOS  have  been  applied  to  calculate  the 


graphite-diamond  equilibrium  line  in  a  wide  range  of  pressures  and  temperatures.  The 
computed  phase  equilibrium  line  fits  available  experimental  data  and  theoretical 
calculations. 

Condensed  carbon  in  form  of  graphite  or  diamond  clusters  is  a  major 
detonation  product  of  many  HE.  The  regions  of  phase  stability  and  synthesis 
conditions  of  carbon  clusters  are  little  investigated.  While  the  phase  diagram  of  non- 
disperse  carbon  is  well  established  even  at  high  pressures  and  high  temperatures, 
researches  devoted  to  properties  of  small  carbon  clusters  almost  are  not  present. 

In  this  work  it  is  supposed,  that  the  sizes  of  clusters  are  not  small  so,  that  a 
qualitative  state  (internal  structure)  of  substance  has  appreciably  changed.  Therefore, 
we  consider  that  the  structure,  lattice  parameters,  bond  energies  and  heat  capacity  of 
small  clusters  are  equal  to  corresponding  parameters  of  non-disperse  crystals. 

The  distinction  consists  only  of  high  surface  energy  of  clusters,  that  causes 
respective  changes  of  enthalpy  AH  and  entropy  AS  of  substance: 

where  ct  -  surface  energy,  A  -  molar  surface  area. 

It  is  supposed,  that  the  surface  energy  linearly  depends  on  temperature  and 
does  not  depend  on  pressure.  Such  assumption  is  convenient  for  carbon  clusters  with 
number  of  atoms  more  than  thousand  and  size  above  10  nm  [2]. 

Within  the  framework  of  offered  model  changes  of  enthalpy  and  entropy  of 
carbon  clusters  caused  by  its  small  size  do  not  depend  on  temperature  and  pressure, 
and  are  defined  only  by  shape  and  size  of  crystals.  Thus,  the  effect  of  structure  and 
size  of  clusters  on  the  thermodynamics  of  solid  carbon  particles  can  be  described  by 
correction  of  the  standard-state  heat  of  formation  and  entropy  of  carbon  phases.  The 
corrections  to  the  heat  of  formation  and  entropy  depend  on  shape  and  size  of  crystals. 

We  have  used  compact  shape  (a  regular  hexagonal  prism)  of  carbon  clusters 
for  calculations  of  TNT  and  RDX  detonation  parameters.  Our  results  show  increasing 
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of  graphite-diamond  cluster  equilibrium  pressure  in  comparison  with  one  of  non- 
disperse  carbon  phases. 

A  new  computer  code  (TDS)  has  been  developed  to  carry  out  multi-phase 
equilibrium  calculations  of  HE  detonation.  The  TDS  code  allows  to  determine  all 
local  minima  of  detonation  velocity  and  to  find  the  only  point  of  the  HE  Hugoniot 
(absolute  or  global  minimum)  which  corresponds  to  the  real  state  of  products  behind 
the  detonation  wave. 

3.  RESULTS 

The  theoretical  detonation  parameters  calculated  by  the  TDS  code  are  in 
satisfactory  agreement  wdth  experimental  data  for  a  lot  of  HE.  We  have  used  this  code 
to  compute  detonation  of  porous  TNT  and  RDX  in  a  wide  range  of  initial  charge 
density. 

The  Hugoniots  of  TNT  and  RDX  were  carefully  researched  by  means  of  the 
TDS  code.  The  size  and  structure  effects  of  graphite  and  diamond  clusters  were  taken 
into  account.  These  parameters  of  solid  carbon  clusters  have  been  determined  to 
obtain  the  best  agreement  between  calculated  and  experimental  detonation  properties. 

The  experimental  data  on  porous  TNT  are  in  [3].  The  summary  of 
experimental  data  on  porous  RDX  is  in  [4]. 

Previous  theoretical  investigations  of  TNT  detonation  associate  a  break  in  the 
detonation  velocity  D  vs  po  slope  at  initial  charge  density  po  =  1.55  g/cm^  ■with  the 
graphite  to  diamond  transition  and  assume  that  both  phases  of  solid  carbon  (i.e. 
graphite  and  diamond)  are  present  in  the  TNT  detonation  products  at  p,,  >  1 .55  g/cm^ 

Our  researches  confirm  that  this  break  in  the  D  vs  p,,  slope  is  really  caused  by 
the  graphite  to  diamond  transition  but  the  assumption  about  graphite-diamond 
coexistence  in  the  detonation  products  was  found  to  be  quite  incorrect. 

In  fact,  coexistence  of  both  the  graphite  and  diamond  phases  of  solid  carbon  in 
detonation  products  of  the  considered  explosives  is  impossible  at  any  po.  Depending 
on  Po,  the  condensed  detonation  products  consist  of  either  graphite  (at  Po  <  1 .55  g/cm^ 
for  TNT  and  at  po  <  1 .43  g/cm^  for  RDX)  or  diamond  (at  Po  >  1 .55  g/cm^  for  TNT  and 
at  Po  >  1 .43  g/cm^  for  RDX).  Both  explosives  have  a  range  of  po  where  their 
detonation  occurs  in  an  anomalous  mode  [5]:  the  CJ  condition  of  equality  between 
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sound  velocity  and  velocity  of  detonation  products  is  not  satisfied  but  the  detonation 
is  stable. 

The  stability  of  anomalous  detonation  is  due  to  global  minimum  of  detonation 
velocity  on  the  detonation  Hugoniot.  The  experimental  data  on  porous  TNT  and  RDX 
also  indicate  to  stability  of  their  detonation. 

Our  calculation  predicts  sharp  increase  of  temperature  and  pressure  of  the 
detonation  products  and  break  in  the  D  vs  po  slope  at  the  beginning  of  ((anomalous 
region»  of  po  (i.e.  at  po  =  1.55  g/cm^  for  TNT  and  at  po  =  1.43  g/cm’  for  RDX).  The 
calculated  detonation  properties  of  TNT  and  RDX  fit  available  experimental  data 
(Fig.  1-3).  The  predicted  values  of  Po  corresponding  to  the  anomalous  mode  of 
detonation  are  sensitive  to  size  and  structure  of  the  graphite  and  diamond  clusters.  We 
suggest  experiments  on  detonation  pressure  of  porous  explosives  that  should  reveal 
whether  the  predicted  anomalous  mode  of  detonation  occurs  (i.e.  the  beginning  and 
the  end  of  ((anomalous  region»  of  Po). 

The  anomalous  mode  of  detonation  exists  due  to  the  following  difference 
between  graphite  and  diamond  thermodynamic  properties:  at  the  same  temperatoe 
and  pressure  entropy  of  diamond  always  appears  less  than  entropy  of  graphite.  At 
some  HE  initial  densities  this  feature  of  carbon  thermodynamics  causes  solid  carbon 
to  change  its  phase  state  in  the  detonation  products  (graphite  to  diamond  transition 
occurs)  and  results  in  appearance  of  the  anomalous  detonation. 

4.  CONCLUSION 

The  results  of  this  study  show  that  solid  carbon  clusters  are  required  to  explain 
the  experimental  detonation  data  of  porous  TNT  and  RDX. 

Both  explosives  have  a  range  of  p^  where  their  detonation  occurs  in  anomalous 
mode:  the  CJ  condition  of  equality  between  sound  and  detonation  products  velocities 
is  not  satisfied  but  the  detonation  is  stable.  Our  calculations  yield  sharp  increase  of 
temperature  and  pressure  of  the  detonation  products  at  the  beginning  of  the 
((anomalous  regions  of  Po.  The  predicted  values  of  Po  corresponding  to  the  anomalous 
mode  of  detonation  are  sensitive  to  size  and  structure  (shape)  of  the  graphite  and 
diamond  clusters.  We  suggest  experiments  on  detonation  pressure  of  porous 
explosives  that  should  reveal  whether  the  predicted  anomalous  mode  of  detonation 
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occurs  and  that  will  help  us  specify  the  parameters  of  solid  carbon  clusters  in 
detonation  products. 

The  anomalous  detonation  seems  to  be  “the  rule  rather  than  the  exeeption” 
even  for  explosives  containing  relatively  small  amounts  of  carbon.  We  expect  that 
many  high  explosives  have  a  range  of  initial  charge  densities  where  their  detonation 
occurs  in  the  anomalous  mode. 


kiWal  dansity  (g/cub.cm) 

FIG.  ! .  Detonation  velocity  vs  initial  TNT  density.  Vertical  dotted  line  indicates 
the  beginning  of  initial  density  region  where  detonation  occurs  in  the  anomalous  mode. 
Solid  line  -  our  calculation,  square  markers  -  experiment  [3]. 
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FIG.  2.  Detonation  velocity  vs  initial  RDX  density.  Vertical  dotted  lines  indicate 
the  beginning  and  the  end  of  initial  density  region  where  detonation  occurs 
in  the  anomalous  mode.  Solid  line  -  our  calculation,  square  markers  - 
experiments  summarized  in  [4]. 


biHial  (g/cubxm) 

FIG.  3.  Detonation  pressure  vs  initial  RDX  density.  Vertical  dotted  lines  indicate 
the  beginning  and  the  end  of  initial  density  region  where  detonation  occurs 
in  the  anomalous  mode.  Solid  line  -  our  calculation,  square  markers  - 
experiments  summarized  in  [4]. 
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Development  and  optimisation  of  the  Fiber  Optic  Probe;  a  new  optic 
method  for  measuring  the  shock  velocity  in  energetic  materials 

R.J.  van  Esveld,  M.P.  van  Rooijen,  W.C.  Prinse,  A.C.  van  der  Steen 

TNO  Prins  Maurits  Laboratory,  P.O.  Box  45, 2280  AA  Rijswijk,  The  Netherlands 


The  TNO  Prins  Maurits  Laboratory  uses  an  electric  gun  to  characterize  the  behaviour  of 
energetie  materials  on  impact  with  a  flyer  plate.  The  electric  gun  generates  a  powerfiil 
electromagnetic  field,  which  makes  the  use  of  electrical  measuring  methods  like  resistance 
wire  or  ionisation  pins  problematic.  The  need  for  accurate  measurement  of  shock  and 
detonation  velocities  in  a  strong  electomagnetic  environment  has  led  to  the  development  of 
the  Fiber  Optic  Probe  (FOP),  which  is  an  optical  method. 

The  FOP  is  an  optic  fiber,  in  which  several  holes  are  drilled.  This  fiber  is  placed  in  the 
sample  normal  to  the  shockffont.  When  a  shockwave  travels  through  the  sample,  the  air  in  the 
drilled  holes  is  compressed  and  will  emit  light  through  the  process  of  ionisation.  This  light  is 
recorded  with  a  digital  signal  analyzer  (DSA),  on  which  a  peak  in  light  intensity  will  be 
visible  each  time  the  shockfront  passes  a  hole.  The  distance  between  two  holes  (measured 
during  the  construction  of  the  FOP)  divided  by  the  time  between  the  two  corresponding  peaks 
gives  the  average  shockwave  velocity  in  between  two  holes. 

Initially  the  FOP  has  been  used  for  solid  energetic  materials,  for  example  RDX  and  HMX 
based  plastic  bonded  explosives,  pressed  HNS  II  and  pressed  TATB.  Recent  optimisations 
have  extended  the  use  of  the  FOP  to  powder  (guanidine  nitrate)  and  liquid  (nitromethane) 
energetic  materials.  The  velocity  range,  in  which  the  FOP  has  proven  to  work  correctly, 
ranges  from  3  km/s  to  12  km/s.  The  error  in  the  measured  velocity  is  mainly  influenced  by 
the  distance  between  the  holes,  and  is  usually  less  than  0.3  km/s. 

The  FOP  has  some  distinct  advantages  relative  to  other  methods  of  shock  velocity 
measurement.  One  advantage  is  the  small  scale  on  wich  experiments  can  be  performed. 
Usually  only  2.5  to  10  grams  of  eneigetic  material  is  used,  but  at  large  scale  the  FOP  also 
performs  excellent.  Furthermore,  the  FOP  is  capable  of  monitoring  the  shock  to  detonation 
transition  in  explosives.  These  advantages,  combined  with  the  insensitivity  of  the  FOP  to 
electromagnetic  fields,  make  the  FOP  an  excellent  tool  for  the  charaeterisation  of  energetic 
materials  used  in  Exploding  Foil  Initiators  (EFIs). 
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CHARACTERISATION  OF  BOOSTER  EXPLOSIVES 
BY  FLYER  IMPACT 

W.C.  Prinse*,  T.  Jordan^,  A.  Cardell\  R.H.B.  Bouma*,  A.C.  van  der  Steen* 

'  TNO  Prins  Maurits  Laboratory,  P.O.  Box  45, 2280  AA  Rijswijk,  The  Netherlands 
*  DERA,  Fort  Halstead,  Sevenoaks,  Kent  TN14  7BP,  United  Kingdom 


DERA  and  TNO  are  both  interested  in  the  response  of  new  explosives  candidates  to  flyer  impact  for  ap¬ 
plication  in  Insensitive  Munitions.  The  objective  of  a  joint  research  programme  is  to  analyse,  and  even¬ 
tually  optimise,  the  response  of  new  explosives  to  flyer  impact  initiation.  The  type  of  explosive  and  the 
influence  of  crystal  size  distribution  are  investigated  in  this  programme.  As  the  explosives  are  typically 
applied  in  exploding  foil  initiators  or  in  parts  of  an  explosive  train,  the  dimensions  of  the  flyer  are  also 
changed  in  the  flyer  impact  initiation  experiments. 

In  the  design  of  exploding  foil  initiator  both  the  explosive’s  crystal  size’’^,  and  pulse  length'  of  the  input 
shock  wave,  are  crucial  to  its  reliable  operation,  the  pulse  length  being  proportional  to  flyer  thickness. 

DERA  has  prepared  chaiges  of  explosives  that  show  good  thermal  characteristics  and  low  explosiveness. 
At  TNO  the  flyer  impact  initiation  of  these  charges  has  been  investigated.  In  the  experiments  the  mn-to- 
detonation  or  initiation  distance  is  determined  optically,  as  a  function  of  the  velocity  of  the  impacting 
flyer.  From  the  experiments  one  can  determine  the  initiation  threshold  of  an  explosive;  the  initiation 
threshold  being  characterised  by  a  pressure  or  energy,  specific  for  the  applied  flyer  thickness.  Experi¬ 
ments  are  then  repeated  at  various  flyer  thicknesses,  and  plots  of  the  initiation  energy  at  the  threshold 
versus  the  corresponding  initiation  pressure  will  be  constmcted.  These  plots  show  a  curve  that  separates 
the  two  regions  of  detonation  and  no-detonation,  which  is  important  to  the  design  of  an  electric  foil  initia¬ 
tor,  Two  asymptotes  are  found,  a  critical  initiation  energy  for  thin  flyer  impact  initiation,  and  a  critical 
initiation  pressure  for  thick  flyer  impact  initiation. 

Results  will  be  shown  on  the  flyer  impact  initiation  of  HNS  II  and  HNS  IV,  TATB  C  and  TATB  superfi¬ 
ne.  The  thicknesses  of  the  flyers  are  125  pm  and  250  pm. 

Due  to  the  relatively  high  shock  sensitivity  of  HNS,  difficulties  are  encountered  in  the  determination  of 
the  shock  initiation  threshold.  The  capacitorbank  used  in  the  initiation  experiments  operates  reliably  bet¬ 
ween  10  kV  and  40  kV,  which  in  turn  determines  the  range  of  attainable  flyer  velocities,  specific  for  each 
combination  of  flyer  thickness  and  flyer  diameter.  In  order  to  lower  the  velocity  of  the  impacting  flyer,  a 
primary  flyer  hits  a  PVC  barrier  with  a  relatively  low  velocity,  on  top  of  which  a  secondary  flyer  has 
been  placed.  Because  of  the  damped  shock  wave  in  the  PVC  barrier,  the  secondary  flyer  is  released  at  a 
lower  velocity.  In  this  way  the  lower  limit  of  attainable  flyer  velocities  has  been  altered  successfully,  al¬ 
lowing  for  the  determination  of  the  shock  initiation  threshold  of  HNS.  The  dimensioning  of  the  PVC 
barrier  is  determined  from  an  analysis  of  shock  and  release  wave  propagation  in  both  the  primary  flyer 
and  the  PVC  barrier.  The  velocities  of  the  secondary  flyers  have  been  determined  by  calibration  in  sepa¬ 
rate  experiments  applying  the  Fabry-Perot  velocity  interferometer  system*. 

At  the  moment  experiments  are  being  carried  out  on  the  shock  initiation  behaviour  with  25  and  50  pm 
thick  flyers,  which  requires  also  a  new  flyer  velocity  calibration  procedure  at  respective  flyer  thicknesses. 
Furthermore  the  detonation  pressure  of  HNS  and  TATB  will  be  determined  with  the  Fabry-Perot  velocity 
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interferometer  system  by  measuring  the  time-evolution  of  the  particle  velocity  at  the  explosive/PMMA 
interface,  as  described  in  reference  3. 

At  small  flyer  thicknesses  typically  small  size  crystals  should  be  employed  for  the  reliable  functioning  of 
an  electronic  foil  initiator,  as  the  critical  initiation  energy  is  larger  for  the  larger  crystal  sizes. 

1  W.C,  Prinse,  M.P.  van  Rooijen,  B.  Coleau,  J.M.  Mul,  H.J.  Verbeek,  A.C,  van  der  Steen,  Shock 
sensitivity  testing  of  explosives  with  the  gap  test  and  the  thin  flyer  impact  test,EuroPyro  95, 
Tours,  France,  5-9  June  1995. 

2  H.  Moulard,  Particular  aspect  of  the  explosive  particle  size  effect  on  shock  sensitivity  of  cast 
PBX  formulations.  Proceedings  of  the  Ninth  Symposium  (International)  on  Detonation,  Portland, 
USA,  28  August  -  1  September  1989,  pp  18-24. 

3  L.K.  Cheng,  A.J.A.  Bruinsma,  W.C.  Prinse,  C.  Smorenburg,  A  Fabry-Perot  Interferometer 
System  for  high-speed  velocity  measurement.  High  Speed  Photonics  Congress,  28  October  - 
1  November  1996,  Santa  Fe,  USA. 
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NTO  (3“Nitrol,2,4-TriB2ol-5-one)  was  identified  as  a  relatively  ins^sitive  explosive 
wife  a  calculated  performance  near  that  of  RDX.  Several  experiments  were  performed. 
NTO  was  incorporated  into  TNT  and  RDX-miixtures.  The  experiments  used  various 
combinations  of  charge  mass  end  plate  mass,  and  various  types  of  explosive  charges, 
such  as  NTOITNT  (40/60),  RDXd«'0/TNT  (25/25/50),  RDX/TNT  (60/40),  TNT,  and 
various  PBX  formulations.  The  determination  of  fee  energetic  characteristics  of  the 
explosives  was  determined  ftora  the  registration  (performed  by  X-ray  ^paratus)  of  the 
projection  of  the  metal  plate  driven  by  fee  detonation  products.  Detonation  velocity  was 
also  measured. 

Theoretical  predictions  (based  on  the  conservation  of  momentum  and  energy)  are 
compared  wife  fee  experimental  tesuhs.  Although  used  in  small-scale  experiments,  the 
present  method  has  been  successfijlly  used  to  characterize  various  NTO  compositions. 
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Shock  Initiation  of  Nitromethane  Based  Explosives 
IN  GAP  Test  Configuration 


Stanislaw  CUDZILO.  Andrzej  MARANDA,  Waldemar  Andrzej  TRZCINSKI 

Military  University  of  Technology 
Kaliskiego  2,  01-489  Warsaw,  POLAND 
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Abstract 

A  process  of  shock  initiation  of  nitromethane  and  its  mixtures  with  ammonium 
nitrate  or  hexogen  or  aluminium  powder  or  copper  powder  was  investigated.  A 
modified  gap  test  was  employed  to  measure  the  mean  velocity  of  explosion  propa¬ 
gation  at  different  depths  in  an  acceptor  charge  and  to  determine  the  length  of  a 
plexiglass  gap  for  which  the  probability  of  detonation  initiation  is  equal  50%.  The 
experimental  results  show  that  the  critical  velocity  of  propagation  of  explosion  that 
leads  to  detonation  is  independent  of  a  kind  of  addition  and  it  coincides  with  the 
value  for  pure  nitromethane  but  it  is  reached  for  different  lengths  of  the  plexiglass 
gap.  An  obsen’ed  increase  of  shock  sensitivity  cannot  be  explained  only  on  the  ba¬ 
sis  of  physical  phenomena  connected  to  shock  wave  propagation  in  a  heterogene¬ 
ous  medium.  A  hypothesis  is  made  that  in  the  first  stage  of  initiation  the  thermal 
explosion  of  nitromethane  in  hot-spots  placed  at  solid  inclusions  occurs  and  after 
that  the  decomposition  products  of  nitromethane  react  with  adjacent  material  of 
inclusion. 

1.  Introduction 

The  process  of  shock  initiation  of  nitromethane  (NM)  has  been  a  subject  of  many  experimen¬ 
tal  and  theoretical  investigations  [1-10],  Their  results  show  that  the  chemical  reactions  in  NM  un¬ 
der  shock  initiation  conditions  have  an  induction  period  and  that  the  length  of  time  induction  de¬ 
creases  with  increasing  the  shock  pressure.  In  many  works  devoted  to  the  shock  initiation  of  liquid 
explosives,  it  was  showed  that  experimental  results  could  be  interpreted  using  a  homogeneous 
thermal  explosion  theory.  On  the  basis  of  this  theory,  the  qualitative  relationships  were  found  be¬ 
tween  time  to  detonation  or  an  amplitude  of  initiation  pressure  and  the  chemical  kinetics  of  the 
heat  releasing  reactions. 
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Addition  of  solid  inclusions  to  the  homogeneous  liquid  explosive  turns  it  into  a  heterogeneous 
explosive  and  radically  changes  the  mechanism  of  initiation  of  detonation.  In  consequence  of  in¬ 
clusions  attendance  (with  different  wave  impedance),  the  shock  compression  energy  is  localised  in 
particular  areas.  Multiple  reflections  of  shock  wave  and  collision  its  curved  front  create  inhomo¬ 
geneous  fields  of  temperature  and  pressure  with  many  regions  of  elevated  values  of  the  parame¬ 
ters.  After  exceeding  critical  values  by  local  temperatures,  the  regions  act  as  ignition  sites  (hot¬ 
spots)  in  which  the  exothermic  decomposition  of  NM  begins.  Decomposition  of  the  hot-spots 
leads  to  energy  release  that  is  proportional  to  their  volume.  If  the  concentration  of  hot-spots  is 
high  enough,  the  chemical  energy  strengthens  the  shock  wave  and  transforms  it  into  a  self- 
sustaining  detonation  wave.  In  their  classic  work  on  the  shock  initiation  of  solid  particles  suspen¬ 
sion  in  nitromethane,  Howe,  Frey,  Taylor  and  Boyle  [7]  showed  that  shock  sensitivity  of  the  ex¬ 
plosive  mixtures  is  proportional  to  total  surface  area  of  inclusions  in  wide  range  their  individual 
size  (0.5-^200  pm)  and  concentration  (0.15^20%  vol  ).  Furthermore,  at  a  constant  surface  area, 
the  sensitivity  increases  with  increasing  the  shock  impedance  of  the  inclusions. 

According  to  the  authors’  knowledge  there  have  been  done  very  limited  studies  on  the  shock 
initiation  of  NM  mixtures  with  chemical  active  solid  additives  which  are  nominally  able  to  react 
with  nitromethane  decomposition  products  in  hot-spots.  Since  the  elevated  temperature  regions 
are  placed  in  a  neighbourhood  of  inclusions,  a  chemical  interaction  between  initial  decomposition 
products  and  the  material  of  addition  may  occur.  In  case  of  appearing  that  reactions,  the  shock 
sensitivity  should  be  not  only  a  function  of  addition  concentration  and  its  dispersity  or  density  but 
should  depend  also  on  its  chemical  nature.  To  check  this  hypothesis,  40%  in  mass  of  powdered 
aluminium  (Al)  or  crystalline  ammonium  nitrate  (AN)  or  hexogen  (RDX)  or  powdered  copper 
(Cu)  were  added  to  nitromethane.  The  addition  of  2%  in  mass  of  polymethylmethacrylate 
(PMMA)  to  NM  was  also  added  to  obtain  stable  suspension  of  additives  in  it.  The  shock  sensitiv¬ 
ity  of  explosives  tested  was  investigated  with  modified  gap  test  technique.  In  succeeding  shots,  the 
mean  velocity  of  explosion  process  propagation  at  different  depths  in  the  tested  charge  was  meas¬ 
ured  by  short-circuit  sensors.  Moreover,  the  length  of  plexiglass  gap  was  determined  for  which  the 
probability  of  detonation  initiation  was  equal  50%. 
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2.  Experimental  approach  and  results 

Commercial  grade  nitromethane,  aluminium  powder  (size  of  grains  <  150  pm),  crystalline 
ammonium  nitrate  (size  <  500  pm),  hexogen  (size  <  50  pm)  and  powdered  copper  (mean  size  of 
grain  =  63  pm)  were  used  to  prepare  explosive  mixtures.  The  addition  of  2%  in  mass  of  PMMA  to 
NM  increased  its  viscosity  sufficiently  to  obtain  stable  suspension  of  40%  additives  in  it.  To  avoid 
air  bubbles,  the  explosive  mixtures  were  prepared  by  mixing  the  additive  with  homogeneous,  vis¬ 
cous  NM/PMMA  mixture  at  least  two  hours  before  the  shot.  Before  the  main  experiments,  the 
density  of  the  mixtures  was  characterised  by  a  pycnometric  method  and  the  detonation  velocity 
was  determined  under  the  same  conditions  as  during  the  experiments.  The  detonation  velocity  was 
measured  by  short-circuit  sensors  located  in  the  36-mm-diameter  charge.  The  composition  of  the 
explosive  mixtures  tested  and  the  results  of  preliminary  measurements  are  given  in  Table  1 . 


Table  I .  Composition  and  properties  of  the  explosive  mixtures 


Explosive  mixture 

Composition 
[%  mass] 

Density* 

P  [kg/m’] 

Detonation  velocity 
De  [m/s] 

NM/PMMA 

98/2 

1140 

6350 

NM/PMMA/Al 

58.8/1.2/40 

1470 

5870 

NM/PMMA/AN 

58.8/1.2/40 

1305 

5800 

NM/PMMA/RDX 

58.8/1.2/40 

1335 

6850 

NM/PMMA/Cu 

58.8/1.2/40 

1748 

5300 

*  -  initial  density  at  the  temperature  T  =  293  K 


The  charge  configuration  used  in  main  experiments  is  shown  in  Fig.  1.  It  conformed  to  the 
usual  large-scale  gap  test  [11],  except  that  the  short-circuit  sensors  to  measure  the  mean  velocity 
of  explosion  process  propagation  were  employed.  A  booster  made  of  phlegmatised  hexogen 
served  as  a  shock  wave  generator.  From  shot  to  shot,  the  length  of  plexiglass  attenuator  was 
changed  with  2-mm  step.  The  highest  and  the  least  gap  values  were  appointed  for  which  the  com¬ 
plete  detonation  and  failure  of  explosion  process  were  observed.  The  complete  detonation  of  ex¬ 
plosive  charge  was  indicated  when  a  clean  hole  was  cut  in  the  steel  witness  plate  that  was  5-mm 
thick.  The  mean  shock  wave  velocity  in  plexiglass  gap  and  mean  value  of  explosion  process 


119  -  4 


propagation  in  the  acceptor  charge  was  measured  by  short-circuit  sensors.  The  manner  of  the  sen¬ 
sor  location  is  shown  in  Fig.  1 . 


Fig.  1 .  Scheme  of  the  charge  configuration  to  determine  the  shock  sensitivity  and  to  measure  the 
mean  velocity  of  explosion  process  propagation. 

The  shock  sensitivity  of  explosives  tested  as  the  usual  gap  test  results  in  the  form  „detonation- 
no  detonation”  are  presented  in  Table  2  and  the  results  of  measuring  the  mean  velocity  of  explo¬ 
sion  process  propagation  are  shown  in  Figs.  2,  3,  4  and  5.  The  curves  illustrate  changes  of  the 
velocity  values  as  a  function  of  distance  from  the  loaded  surface  for  different  length  of  the  plexi¬ 
glass  gap.  The  value  of  mean  velocity  obtained  on  a  given  measured  distance  is  shown  as  the 
point  corresponding  to  the  centre  of  the  distance.  On  all  the  graphs,  there  are  also  points  (©) 
which  correspond  to  the  value  of  mean  shock  wave  velocity  in  the  plexiglass  attenuator  (for  differ¬ 
ent  its  length).  The  values  of  shock  wave  velocity  that  are  marked  as  black  points  (•),  were  ob¬ 
tained  at  the  first  measured  distance  in  the  NM/PMMA  charge  for  different  length  of  the  gap.  Two 
of  them  which  are  described  as  NM+  and  NM-  correspond  to  the  critical  values  of  velocity  for 
that  complete  detonation  and  failure  of  NM  explosion  process  were  observed.  The  values  were 
obtained  for  the  length  of  the  plexiglass  gap  equal  adequately  30  and  32  mm. 
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Table  2.  The  length  of  the  plexiglass  gap  as  a  measure  of  the  shock  sensitivity. 


Explosive 

Length  of  the  plexiglass  gap  fmml 

detonation 

no  detonation 

50% 

NM/PMMA 

30 

32 

31 

NM/PMMA/Al 

40 

42 

41 

NM/PMMA/AN 

36 

38 

37 

NM/PMMA/RDX 

34 

36 

35 

NM/PMMA/Cu 

28 

30 

29 

Fig.  2.  Mean  velocities  of  wave  in  the  plexiglass  gap  (©),  in  NM/PMMA  (•)  at  the  first  measuring 
distance  and  in  NM/PMMA/ Al  ( — )  at  the  consecutive  measuring  distances  as  a  function  of 
distance  from  the  end  of  the  booster  for  different  lengths  of  the  gap. 
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Fig.  3.  Mean  velocities  of  wave  in  the  plexiglass  gap  (©),  in  NM/PMMA  (•)  at  the  first  measuring 
distance  and  in  NM/PMMA/ AN  ( — )  at  the  consecutive  measuring  distances  as  a  function 
of  distance  from  the  end  of  the  booster  for  different  lengths  of  the  gap. 


Distance  from  the  booster>  x[mm] 

Fig.  4.  Mean  velocities  of  wave  in  the  plexiglass  gap  (©),  in  NM/PMMA  (•)  at  the  first  measuring 
distance  and  in  NM/PMMA/RDX  (— )  at  the  consecutive  measuring  distances  as  a  function 
of  distance  from  the  end  of  the  booster  for  different  lengths  of  the  gap. 
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Fig.  5.  Mean  velocities  of  wave  in  the  plexiglass  gap  (©),  in  NM/PMMA  (•)  at  the  first  measuring 
distance  and  in  NM/PMMA/Cu  ( — )  at  the  consecutive  measuring  distances  as  a  fiinction 
of  distance  from  the  end  of  the  booster  for  different  lengths  of  the  gap. 

4.  Calculations 

Detonation  velocities  of  explosive  tested  were  calculated  by  assuming  the  neutrality  of  addi¬ 
tives  in  the  zone  of  chemical  reactions  or  their  activity  in  this  zone.  Calculations  of  the  detonation 
velocity  in  the  first  case  (Di)  were  performed  by  the  method  described  in  Ref  12  and  calculations 
in  the  second  one  (Dj)  were  done  by  means  of  a  program  for  thermochemical  calculations  TIGER 
-  [13]  with  the  set  of  parameters  in  the  BKW  equation  of  state  recommended  in  [14]:  a  =  0.50,  P 
=  0.176,  K  =  11.80,  0  =  1850.  The  results  of  calculations  are  presented  in  Table  3.  For  compari¬ 
son,  the  experimental  results  (D,)  are  also  given  in  this  table. 

On  the  basis  of  the  measured  values  of  time  of  propagation  of  shock  waves  across  the  plexi¬ 
glass  gap  of  different  thickness,  the  time-dependence  of  a  shock  wave  velocity  (D,)  can  be  deter¬ 
mined.  Thus,  the  shock  wave  velocity  against  distance  from  the  plexiglass  surface  can  be  obtained 
(Fig.  6). 
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Table  3.  Experimental  and  calculated  detonation  velocities  for  the  mixtures  tested 


De  [m/s] 

mmm 

NM/PMMA 

6530 

6360 

6670 

NM/PMMA/Al 

5870 

5910 

6060* 

NM/PMMA/AN 

5800 

5635 

7280 

NM/PMMA/RDX 

6850 

5870 

7320 

NM/PMMA/Cu 

5300 

5280 

*  maximal  value  obtained  for  13  %  chemically  active  aluminium 


x  [mm] 


Fig.  6.  Shock  wave  velocity,  D, ,  in  plexiglass  as  a  function  of  distance,  x,  from  the  loaded  surface. 

If  shock  adiabates  of  the  explosive  mixtures  are  known  then  initial  parameters  of  shock  wave 
generated  in  the  explosive  may  be  calculated  on  the  basis  of  the  value  of  shock  wave  velocity  at 
the  end  of  plexiglass  block.  Shock  adiabates  of  NM/additive  mixtures  were  determined  by  the 
method  of  constructing  the  shock  adiabate  of  a  multi-component  medium  proposed  in  [13].  The 
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values  of  parameters  characterising  the  properties  of  plexiglass,  NM,  and  additives  are  given  in 
Table  4.  The  parameters  po,  a  ,  X,  and  yo  are  the  density  of  a  pure  material,  the  coefficients  of  a 
shock  adiabate  Dn  =  a  +  X  un  (Dn  and  un  denote  normal  shock  wave  and  mass  velocities  in  a  pure 
additive),  and  the  Griineisen  coefficient,  respectively. 

Table  4.  Parameters  of  shock  adiabates  and  Griineisen  coefficients  for  materials  used  in  tests 


Material 

a  [m/s] 

X 

Yo 

1186 

2598 

1.516 

0.97 

NM 

1140 

2650 

1.64 

1.25 

Al 

2710 

5250 

1.39 

2.13 

AN 

1690 

1800 

1.8 

1.55 

RDX 

1800 

2870 

1.61 

1.29 

Cu 

8920 

3940 

1.489 

1.99 

The  calculated  values  of  the  initial  shock  pressure  (p*)  leading  to  the  detonation  of  given 
mixture  are  presented  in  Table  5. 

Table  5.  Calculated  critical  shock  pressures  leading  to  detonation 


Explosive  mixture 

p*  [GPa] 

NM/PMMA 

4.75 

NM/PMMA/Al 

3.55 

NM/PMMA/ AN 

4.00 

NM/PMMA/RDX 

4.45 

NM/PMMA/Cu 

5.95 

5.  Discussion 

The  results  of  experiments  and  calculations  presented  in  Table  3  give  an  answer  to  the  ques¬ 
tion  if  the  reactions  between  additives  and  the  products  of  decomposition  of  NM  take  place  in  the 
reaction  zone  of  the  detonation  wave.  Comparison  of  the  measured  and  computed  values  of  the 
detonation  velocity  shows  that  the  values  of  Dc  for  the  mixtures  with  Al,  AN  or  Cu  additives  are 
similar  to  those  of  D;  which  are  calculated  by  assuming  the  chemical  inertia  of  the  additives.  Dis¬ 
crepancies  between  the  values  of  De  and  D;  are  much  lower  than  those  between  the  values  of  Do 
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and  Dj,  This  fact  enables  us  to  formulate  a  conclusion  that  possible  reaction,  in  which  Cu,  A1  and 
the  products  of  AN  decomposition  participate,  proceeds  behind  the  reaction  zone  of  the  detona¬ 
tion  wave.  In  case  of  NM/PMMA/RDX  mixture  the  value  of  is  higher  than  that  of  Dj  and  only 
insignificantly  lower  than  that  of  D,.  This  means  that  the  decomposition  of  RDX  takes  place  in  the 
reaction  zone  and  reactions  between  the  products  of  NM  and  RDX  are  possible. 

From  the  gap  test  results  presented  in  Table  2  and  the  calculated  critical  shock  pressures 
shown  in  Table  5  it  follows  that  there  is  no  correlation  between  a  shock  sensitivity  of  the  NM 
mixtures  and  the  dispersity  and  shock  impedance  of  additives’  material.  If  only  physical  phenom¬ 
ena  influenced  the  sensitivity  of  explosive  tested  then  copper  powder  would  be  the  best  sensitizer 
because  of  its  high  dispersity  and  high  density.  But  aluminium  and  ammonium  nitrate  are  better 
sensitizer  in  spite  of  their  greater  particles  and  lower  shock  impedance.  This  fact  enables  us  to 
drawn  a  conclusion  that  higher  sensitivity  of  the  NM  mixtures  with  Al  or  AN  is  caused  by  chemi¬ 
cal  reactions  of  the  additives  with  the  products  of  NM  decomposition.  These  reactions  lead  to  an 
increase  of  a  rate  of  heat  release  behind  the  initiating  shock  wave.  Strong  influence  of  aluminium 
and  ammonium  nitrate  on  the  sensitivity  of  NM  means  that  the  NM  decomposition  products  are 
able  to  react  with  reductants  as  well  as  oxidizers.  Unexpected  weak  influence  of  RDX  on  the  NM- 
mixture  sensitivity  is  caused  by  the  fact  that  RDX  is  not  strong  reductant  nor  strong  oxidizer  as 
well.  That  is  why  the  heat  effect  of  reactions  between  the  products  of  decomposition  of  RDX  and 
NM  is  lower  than  that  in  the  NM  mixtures  with  Al  or  AN. 

Copper  powder  decreases  the  shock  sensitivity  of  NM  in  a  significant  degree.  Presence  of  Cu 
particles  affects  positively  the  shock  sensitivity  of  the  mixture  by  the  formation  of  hot  spots  but 
simultaneously  copper  absorbs  the  heat  energy  and  reduces  a  probability  of  occurring  of  chemical 
reactions  in  the  shocked  nitromethane. 

Thus,  on  the  basis  of  experimental  results,  a  conclusion  can  be  drawn  that  the  sensitivity  of 
explosives  tested  decreased  in  series  NM/PMMA/Al  >  NM/PMMA/AN  >  NM/PMMA/RDX  > 
NM/PMMA  >  NM/PMMA/Cu.  This  changes  do  not  correlate  with  total  surface  area  and  shock 
impedance  of  the  inclusions  but  they  can  be  explained  with  assumption  that  the  shock  initiation 
process  consists  of  two  stages,  the  thermal  explosion  of  NM  in  hot-spots  and  the  heterogeneous 
combustion  of  the  inclusion  material. 
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DETECTION  OF  IMPACT  TIME  IN  DROP-HAMMER  TEST  * 


Lu  Zijian,  Hu  Qingxian 
Institute  of  Chemical  Materials,  CA£P 
P.O.B0X  513-108,  Chengdu  610003,  China 

ABSTRACT 

Drop-hammer  test  is  a  well  known  method  for  characterization  of  explosive  safety  and  the  test  residt 
obtained  there&om  is  one  of  the  most  important  data  concerned  in  the  explosive  application.  But  there  are 
few  methods  which  can  be  used  to  accurately  reflect  the  impact  process.  The  accurate  time  of  the  hammer 
striking  the  impact  set  with  sample  is  essential  for  the  further  research  and  application  of  explosives,  but  this 
aceurate  time  is  very  difficult  to  detect.  We  have  designed  a  device  and  procedure  to  gain  the  impact  time 
by  using  a  Data  Acquisition  System  to  record  the  acceleration  variation  of  the  hammer  striking  upon  the 
impact  set.  A  series  of  data  related  to  the  acceleration  variation  of  impact  can  be  obtained  under  different 
conditions,  including 

•  impact  set  without  any  sample: 

*  impact  set  with  non-explosive  sample; 

*  impact  set  with  explosive  sample; 

•  impact  with  different  drop-hammer  height,  etc. 

According  to  comparison  and  analysis  of  the  acceleration  vs  time  (a  —  / )  curves  scanned  in  the  tests 
said-above,  the  impact  time  under  different  conditions  were  obtained  for  a  series  of  explosives.  The 
preliminary  results  of  the  experiments  indicate  that  this  device  could  be  used  as  a  new  method  to  evaluate 
the  impact  sensitivity  of  granular  explosives  and  describe  their  mechanism  from  the  impact  time  and  the 
shape  of  the  corresponding  a  —  t  curves. 

KEYWORDS  impact  sensitivity  of  explosive  impaettime  drop-hanuner  test 

1.  INTRODUCTION 

The  drop  hammer  test  is  still  a  widely  used  method  to  describe  the  impact  sensitivity  '''  and  usually  for 
granular  explosives  .  In  general,  the  test  results  are  evaluated  by  two  ways,  one  is  the  sensitiveness  of  the 
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explosive  in  terms  of  50%  drop  height  to  cause  ignition  the  other  is  the  explosion  probability  under  a 
specified  hanuner  weight  and  drop  height.  Both  ways  are  on  the  basis  of  statistical  principle  which  can  show 
nothing  of  the  impact  process.  It  is  impossible,  therefore,  to  give  the  answer  about  how  long  a  time  has  gone 
for  the  sample  to  ignite  after  it  was  impacted. 

Based  on  the  “  hot  spot  ”  theory  which  is  usually  used  to  explain  the  mechanism  of  explosive  ignition  by 
impact,  we  thought  it  should  be  necessary  to  find  a  way  to  reflect  the  response  of  the  explosive  sample  while 
being  impacted  by  a  hammer,  at  the  same  time  the  factors  influencing  on  the  response  should  be  easily 
detected  by  means  of  some  devices  and  not  disagreed  with  the  “  hot  spot  ”  mechanism.  The  acceleration 
variation  of  the  hammer  striking  the  impact  set  is  taken  as  a  criteria  describing  the  response  process  of  the 
test  sample.  According  to  this  idea,  we  have  designed  a  device  and  procedme  to  scan  the  acceleration 
process  of  the  striking  hammer  and  a  series  of  acceleration  vs  time  i  a  —  /  )  curves  were  obtained.  After 
analyzing  the  eurves,  it  can  be  found  apparent  differences  in  the  impact  process  among  the  explosives  of 
different  types  such  as  PETN;  HMX  and  RDX  Teryl  and  TNT  etc.. 

2.  TEST  DEVICE  AND  PROCEDURE 

The  experiments  are  carried  out  on  the  drop-hammer  device  with  a  5kg  weight.  The  impact  set  consists  of 
two  steel  rollers  of  10mm  diameter  in  a  close-matched  sleeve  on  a  pedestal  as  shown  in  Fig.  1 .  The  sample  is 
placed  in-between  the  adjacent  ends  of  the  two  rollers.  An  accelerometer  YJ-5  is  fixed  on  the  hammer  and 
the  signals  produced  are  transmitted  into  the  Data  Acquisition  System  DAS-820  through  a  charge  amplifier 
YE5852.  The  impact  time  under  different  conditions  can  be  obtained  by  computer  analyzing  the  a  ~t 
cures  recorded. 


1.  roller  2.  Sleeve  3.  Pedestal 


3.  TEST  RESULT 

3.1  Blank  test 

In  order  to  verify  the  function  stability  of  the  device,  the  tests  without  any  sample  in-between  the  rollers 
were  carried  out  at  the  drop  height  of  20,  50  and  70cm  and  repeated  at  each  one.  The  curves  picturing  the 
relationship  between  the  impact  acceleration,  a,  and  time,  t,  were  scaimed  as  in  Fig.  2, 3  and  4.  The  range  of 


120  -  3 


the  impact  time  is  marked  by  letters  “  a  ”  and  “  b  ”  in  each  of  the  curves.  Since  all  the  experiments 
below  were  made  on  the  same  device  with  the  same  procedure,  the  curves  obtained  from  different  group  of 
tests  will  be  shown  in  the  same  manner. 


•0.39  -fl.l?  0.05  0.27  «  -0,«  -0,22  OOO  0.22  ns 


tab  — 0.324ms  0.326ms 

Fig.  2  a  vs  f  curves  of  blank  test  at  drop  height  20cm 


J.35  -0.13  0.09  0.31  h  -0.39  -0.17  0.05  0.27  k 

/ab  =  0.330ms  tab  ~  0.330ms 

Fig.  3  a  vs  t  curves  of  blank  test  at  drop  height  50cm 

0-  IhA  Av.ov./ 

3 

— - 1 _ 1 _  1  _ 

■0.35  -0.13  0.09  0.31  ns  -0.35  -0.13  0.09  0.31  « 

^ab  =  0.332ms  /ab=0.330nis 

Fig.  4  o  vs  f  curves  of  blank  test  at  drop  height  70cm 


The  small  deviation  among  the  ,  tab  valnes  in  three  groups  of  blank  test  shows  an  acceptable  reproducibility 
of  the  device. 

3.2  Non-explosive  test 

Graphite  and  wax  were  selected  to  examine  their  behaviors  under  impacting,  because  they  are  often  used  as 
additives  to  reduce  the  sensitivity  of  polymer  bonded  explosives  (PBXs).  The  a  t  curves  of  graphite  and 
wax  with  different  quantity  at  drop  height  of  40cm  are  as  below. 


•0.3? 

•0.17  0.05  0.27 

M  -O.M 

-0.22  0.00  0.22 

ns 

(a)  ^ab  =  0.350ras 

(  b  )  <ab=0.410ms 
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(  c  )  hb  =  0.502ms 


(  d  )  /iib=0. 582ms 


Fig.  6  a  vs  I  curves  of  wax  with  (a)10mg ,  (b)  20mg ,  (c )  30mg ,  (d)  40mg 


The  results  show  that  the  quantity  of  wax  apparently  increases  the  range  of  impact  time,  which  should  be 
resulted  from  some  melted  sample  squeezed  out  of  the  rollers  after  impact. 


3.3  Explosive  test 

It  is  well  known  that  different  explosive  shows  different  impact  sensitivity  in  the  drop-hammer  test,  In  order 
to  record  the  responses  of  both  explosion  and  non-explosion  of  the  sample  tested  on  our  device  under  a 
certain  condition,  the  drop  height  of  the  hammer  should  not  be  the  same. 


When  50mg  of  PETN  was  tested  under  drop  height  of  10cm,  explosion  responded  with  both  “  yes  ”  and 
“  no  ”  as  shown  in  Fig.  7  and  8,  respectively. 


Tab  =  0.434ms 


tab  =  0.438ms 


Fig.  7  a  vs  t  curves  of  PETN  at  drop  height  10cm  (  no  explosion  ) 
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•0.44 

■0.10  0.22 

0.56 

Its  -0.27 

0.06  0.32 

0.72 

Its 

/ab=0.384ms 

(ab=  0.222ms 

Fig.  8  a  vs  t  curves  ofPETN  at  drop  height  lOcm  (explosion) 

It  can  be  seen  from  the  figures,  in  the  case  of  “  no  ,  the  tab  of  two  tests  are  well  agreed  to  each  other, 
while  the  “  yes  ”  responses  in  Fig.  8  give  much  shorter  impact  time  and  show  an  apparent  difference 
between  the  two  tests.  When  50mg  PETN  was  impacted  by  a  hammer  from  40cm  high,  all  samples  gave 
much  violent  explosion  within  a  very  short  time  as  shown  in  Fig.  9. 


■0.14  fl.»  0.52  0.25  m  -O-W  0.02  0.30  0.52  as 


tab=0.075ms  fab=  0.100ms 

Fig.  9  a  vs  t  curves  ofPETN  at  drop  height  40cm 


tab  =  0.346ms  /ab=0.348ms 


Fig.  10  a  vs  t  curves  of  50mg  HMX  at  drop  height  40cm  (  no  explosion  ) 
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To  compare  their  behaviors  with  that  of  PETN,  the  tests  of  HMX,  RDX,  Tetryl  and  TNT  were  earned  out  at 
the  same  conditions  of  50mg  sample  and  40om  drop  height.  All  the  explosives  except  TNT  responded  with 
“  yes  ”  and  “  no  ”  explosion  as  shown  in  Fig.  10  to  15,  while  the  different  shape  of  the  eurves  scanned  in 
the  experiments  should  imply  different  reaction  process  in  each  group  of  samples. 


■0.35  •0.02  0.31  0.6i  k  -0.35  -0.1)2  0.31  0.«t  ns 

/sb=  0.306ms  /«b=0.303ms 

Fig.  11  a  vs  t  curves  of  50mg  HMX  at  drop  height  40cm  (  explosion  ) 


-0.39  -0.17  0.05  0.27  its 


tab  =0.362ms 

Fig.  12  a  vs  I  curves  of  50mg  RDX  at  drop  height  40cm  C  no  explosion  ) 


' - ' - ' - 1 - 1  1 - - - 1 _ 1 _ I _ 

-fl-OS  0.27  0.J0  IS  -0.36  -fl.02  0.31  0.6t  is 


^ab=  0.330ms;  1.044ms  rab  =  0.330ms;  /ac=  0.933ms 

Fig.  13  a  vs  /  curves  of  50mg  RDX  at  drop  height  40cm  (explosion) 


•fl.3)  -0.*  0.27  0.60  K  -8.35  -0.06  0.27  0.60  its 

rab=0.192ms;  fc=0.510ms;  t«l=0.852ins  f8b=  0.180ms;  t.c=0.468ms;  f.d=0.834ms 

Fig.  16  a  vs  t  curves  of  SOmg  TNT  at  40cm  drop  height 
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4.  ANALYSIS  AND  DISCUSSION 

4.1  Impact  process 

The  impact  is  actually  an  instant  process  consisting  of  two  stages,  i.e.  the  hammer  striking  the  roller  and 
consequently  rebounding  away.  In  the  first  stage  at  the  moment  of  the  hammer  contacting  the  roller,  the 
acceleration  of  the  hammer  coming  fi-om  its  potential  will  continually  increase  due  to  the  elastic  strain  of  the 
roller.  Until  the  elastic  strain  reaches  its  limit,  the  hammer  can  not  move  down  any  more  and  its  acceleration 
will  get  up  to  the  maximum.  At  this  moment  the  compression  stress  of  the  roller  will  make  the  hammer 
rebounding  away,  decreasing  its  acceleration  down  to  zero  at  the  moment  of  their  disengagement.  We  define, 
therefore,  the  impact  time,  /«b,  as  the  duration  of  the  hammer  acceleration  fi'om  zero  to  maximum  and  then  to 
zero.  If  there  is  sample  in-between  the  two  rollers  of  the  test  device,  its  response  to  the  impact  should  affect 
the  shape  of  a  —  t  curve  scanned  by  the  DAS,  implying  the  reaction  characteristics  in  some  extent. 

4.2  Reproducibility  of  test  results 

The  blank  tests  as  shown  in  Fig.  2, 3  and  4  indicate  that  the  device  can  fairly  reproduce  the  impact  time.  Fig. 
5  show  that  the  results  of  the  test  with  graphite  under  different  conditions  are  also  well-reproducible,  even  in 
the  case  of  no  explosion  of  PETN,  HMX  and  RDX  after  impact,  the  reproducibility  of  the  test  under 
corresponding  conditions  is  acceptable  as  the  shape  of  a  curves  shown  in  Fig.  7,  Fig.  10  and  12.  The 
a  ~t  curves  in  Fig.  11  and  13  indicate  that  if  HMX  or  RDX  exploded  in  the  test,  the  deviation  of  their 
impact  time  is  quite  agreed  with  each  other,  respectively. 

The  sample  of  PETN  or  Tetiyl  exploded  after  impact  could  give  similar  results  but  not  fairly  reproducible  as 
shown  in  Fig  8,  9  and  15.  These  phenomena  can  be  explained  by  “  hot-spot  ”  mechanism  of  explosive 
igmtion  as  the  heat  energy  coming  from  the  mechanical  shock  could  not  evenly  distribute  over  all  the  sample 
grains  but  on  some  local  points  and  as  a  result  to  form  “  hot-spots  ”,  while  the  position  and  time  of  hot-spot 
formation  are  random  rather  than  the  same. 

4.3  Impact  time  and  low  melting  point 

Unlike  the  results  said-above,  the  test  reproducibility  of  the  samples  with  low  melting  point  such  as  wax 
(  Fig.6  )  ,Tetryl  (  Fig.l4  )  and  TNT  fFig.lb  )  are  not  satisfied.  The  complex  picture  of  their  a  ~t 
curves  must  be  resulted  from  the  squeeze  and  scatter  of  the  melted  sample.  These  processes  will  fluctuate  the 
pressure  in-between  the  rollers  and,  therefore,  the  acceleration  of  the  hammer.  This  fluctuation  will  last  until 
the  hammer  rebounding  away,  lengthening  the  impact  time. 


4.4  Hammer  drop  height 


120  -  10 


Fig.  8  and  9  indicate  that  the  drop  height  increases  the  explosion  probability  as  usual,  but  shortens  the 
impact  time. 

4,5  Reaction  propagation 

Compared  Fig.  11,  13  and  15,  there  seemed  to  be  different  ignition  mechanisms  for  different  explosives.  It 
can  be  supposed  that  friction  among  the  explosive  grains  is  the  main  source  of  the  heat  energy  for  the  hot 
spot  forming,  but  the  behavior  of  the  said  explosives  are  quite  different  at  the  end  of  impact  time.  The 
reaction  of  HMX  immediately  grows  up  to  deflagration  even  explosion,  while  RDX  gives  a  period  of 
reaction  propagation  from  point  “  b  ”  to  “  C  ”  before  the  violent  explosion  comes  and  whether  the 
intervals  of  “  ab  ”  and  the  sum  of  “  ac  ”  are  close  to  each  other  in  the  parallel  experiments.  The 
fluctuation  in  the  range  of  “  ab  ”  in  Fig.  IS  implies  that  the  ignition  of  Tettyl  should  be  mainly  due  to  its 
viscous  heating  caused  by  rapidly  squeeze  of  the  sample  in-between  the  impact  rollers  or  eapillaiy  flow 
among  the  non-melted  grains. 

5.  CONCLUSION 

From  the  results  of  the  preliminary  experiments  it  can  be  concluded 

•  The  test  by  using  Data  Acquisition  System  (  DAS  )  combined  with  the  drop  hammer  device  is 
promising  to  be  used  as  a  new  method  for  evaluating  the  impact  sensitivity  of  granular  explosives,  especially, 
the  high  melting  point  samples  because  of  the  fine  reproducibility  of  the  impact  time  recorded. 

•  The  reaction  process  of  low  melting  point  material  can  also  be  explained  based  on  their  a  —  t  curves  and 
the  longer  impact  time  seems  to  agree  with  the  desensitizing  effect  of  the  well-known  substances  like  this 
kind. 

•  As  discussed  in  4.2  ~  4.5,  the  length  of  impact  time  and  (he  smooth  or  fluctuating  shape  of  a  ~  f  curves 
scanned  by  DAS  attached  with  the  drop  hammer  device  can  be  used  to  describe  the  impact  sensitivity  of 
explosives  and  their  response  mechanism  to  impact  in  some  extent.  The  further  experiments  and  examination 
are  going  on. 
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ABSTRACT 

Dispersion  of  pollutants  in  the  case  of  the  complex  terrain  or  in  the  very  near-field 
vicinity  of  buildings  is  difficult  to  predict  due  to  the  complex  flow  patterns.  The 
authors  have  proposed  the  new  2-D  computer  model  for  predicting  the  wind  flow 
field  and  pollution  dispersion  near  urban  and  industrial  sites.  The  model  permits  to 
take  into  account  the  arbitrary  geometrical  form  of  buildings,  orography  ,  different 
types  of  pollutant  ejections  and  different  disposition  of  sources  of  pollution.  The 
results  of  the  numerical  simulation  of  the  pollutant  dispersion  after  explosions  are 
shown. 

INTRODUCTION 

In  Ukraine  and  other  countries  of  the  former  USSR  the  ground-level  concentrations 
are  estimated  by  the  Berlyand’s  method  which  is  called  now  “Method  OND-86”.  This 
method  gives  very  rough  results  because  it  does  not  take  into  account  the  effect  of 
complex  terrain  ,  buildings,  their  geometrical  form,  different  regimes  of  sources  of 
ejections  on  the  pollutant  dispersion.  That  is  why  this  method  is  subjected  to  sharp 
criticism.  It  is  well  known  that  an  application  of  Navier-Stokes  equations  ,  K-s  model 
and  others  “high  level”  models  to  describe  the  flow  field  among  buildings  ,  in  the 
case  of  complex  terrain  and  to  create  the  robust  computer  model  for  solving  real 
problems  of  air  pollution  which  the  designers  face  is  now  out  of  the  question.  That  is 
why  the  development  of  the  appropriate  computer  models  capable  of  predicting 
pollution  under  varying  factors  is  of  great  interest.  In  this  work  to  describe  the  2-D 
wind  flow  between  buildings  or  in  the  case  of  complex  terrain  the  model  of  the 
inviscid  separated  vortex  flows  is  used.  The  computational  procedure  is  based  on  the 
implicit  difference  schemes. 

MATHEMATICAL  MODEL 

Wind  flow  between  the  buildings  or  in  the  case  of  complex  terrain  (See  Fig.l)  is 
described  by  the  equation  of  vorticity  transfer  and  Poisson  equation 

dco  5u®  d\(0  „ 

—  + - + - =  0 


dt  dx 

dy 

d^\\i 

— AA 

dx^'*'ay^~ 

\XJ 

d\  5u 

CO  = - 

dx  dy 

(1) 
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The  solution  of  these  equations  is  used  to  determine  the  components  of  the  wind  flow 
vector.  The  assumption  is  made  that  the  separation  of  flow  takes  part  in  the  comer 
points  of  buildings  or  terrain  and  this  causes  the  formation  of  vortices  the  intensity  of 
which  is  determined. 


The  computational  procedure  is  carried  out  using  the  rectangular  computational 
mesh.  The  vorticity  is  determined  in  the  centres  of  the  cells,  the  flow  fimction  is 
determined  in  the  knots  of  the  mesh  and  the  velocity  components  u,  v  are  determined 
on  the  sides  of  the  cell.  The  geometrical  form  of  the  buildings  ,  terrain  is  formed  by 
“markers”  in  the  discrete  model.  These  “markers”  help  to  differ  the  cells  which 
correspond  to  buildings  ,  terrain  from  the  computational  cells  where  the  equations  of 
the  model  are  solved.  The  implicit  “time-splitting”  difference  scheme  to  calculate  the 
vorticity  is  as  following: 


where,  E;  the  identical  operator, 
5u'^(0 


d\ 


Umj 

Ax 


u-^  = 


u  +  u 


l;o  = 


5u  CO 
dx 


_ 


U 


u  -  u 


This  scheme  is  used  to  determine  the  vorticity  field  on  the  new  time  step.  To 
determine  the  intensity  of  free  vortex  in  the  comer  points  of  buildings  ,  terrain  the 
following  procedure  is  used.  In  the  area  ABCD  near  the  comer  point  (See  Fig.  2)  the 
summary  intensity  of  vortices  is  equal  to 

Vi(yc  -yb)-U2(xc  -Xd)=Go  +co,AS,  +®d^Sd), 


where,  Gq:  intensity  of  the  vortex  in  the  comer  point;  cOb,  ®c,  cOd:  the  intensity  of  the  i 
vorticity  in  the  computational  cells;  ASb,  ASc,  ASdi  the  square  of  the  computational 
cells. 

From  this  expression  we  can  obtain  the  intensity  of  the  vortex  in  the  comer  point 

Go  =  v,(yc  -yb)-U2(xc  -Xd)-^(cObASb  +co,AS<^  +®dASd) 

We  assume  that  at  the  separation  of  flow  in  the  comer  point  the  vortex  formed  is  free. 
The  direction  of  its  movement  can  be  obtained  if  we  use  the  approximate  value  of  the 
velocity  in  the  comer  point 
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Figure  1.  View  of  the  computational  region. 


Figure  2.  Calculation  of  the  vorticity  in  the  comer  point. 

The  vortex  displacement  results  in  changing  of  the  vorticity  value  in  the  cells  which 
are  situated  nearby  the  comer  point.  This  new  value  of  the  vorticity  can  be  expressed 
as 

Q 

®b=®b+T~^’  Uo<0,  Vo>0 

Ax  Ay 

Q 

=Q>c+T-'~a'  ’  Vo>0  (3) 

Ax  Ay 

G 

=  tOd  +  .  °  »  if  Uo>0,  Vo<0 

Ax  Ay 

To  determine  the  velocity  field  the  Poisson  equation  having  the  form 

5\|/  5^X1/ 

^  =  ^  +  — ^+(0 
d-i  8x^  dy^ 
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is  calculated  by  following  implicit  scheme 

^  j  =7(“iJ+“Ho  +®i-io-i), 

/+K  /  _At 

\\J  =\j/  +CO — , 

2 


E-y(L-„  =[E+y(L-„  +L-„)]>|''*‘^  , 

(E-y(L;.  +L„)jV*^  =(E+^(r„  +L;)jv'*' . 


where 


i+i  _ At 

V|/  =vj/  '^+co— ^ 


d\^  Ax^  Ax^ 


The  complete  algorithm  to  solve  equations  (1)  is  as  following.  At  the  initial  time  step 
f  the  values  of  u,  v,  (o  are  known.  At  first  the  vorticity  ©  is  determined  by  using 
scheme  (2).  At  the  next  step  the  intensity  of  the  vortices  in  the  comer  points  and  their 
displacement  is  determined.  Then  the  new  value  of  vorticity  in  the  cells  which  are 
near  by  the  comer  point  is  determined  using  expressions  (3).  Then  the  Poisson 
equation  is  calculated  and  the  new  value  of  u,  v,  ©  on  the  new  time  step  is 
obtained.  The  obtained  velocity  field  is  used  at  the  next  computational  step  to 
calculate  the  pollutant  dispersion  .  The  governing  equation  which  is  used  at  this  step 
is  the  equation  of  the  gradient  transport  model: 

(  ) 

at  ax  ay  ^  ^ 

where  (p:  is  concentration;  a:  represents  the  chemical  reactions;  Wj:  velocity  of 
pollutant  fall;  p:  is  the  coefficient  of  the  turbulent  diffusion. 

To  solve  this  equation  the  implicit  scheme  like  scheme  (2)  is  used.  To  create  the  form 
of  the  cloud  formed  in  the  place  of  the  accident  after  the  explosion  the  “markers“  are 
used. 

CALCULATION  RESULTS 

The  results  of  the  pollutant  dispersion  after  explosions  in  the  case  of  the  different 
typical  situations  ,  which  occur  in  practice  are  shown  below  .  In  all  examples  the 
geometrical  form  of  the  pollutant  cloud ,  the  concentration  of  the  pollutant  in  it  were 
given  at  the  place  of  the  explosion. 
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Example  1 .  The  explosion  on  the  industrial  site. 

This  type  of  explosion  occurs  while  transporting  ,  loading  of  explosives  on  the 
industrial  site  or  in  the  case  of  accidents  in  the  storage  of  explosives  .This  example 
illustrates  the  possibility  to  apply  the  model  developed  to  predict  the  environment 
pollution  with  the  account  of  buildings  and  reliefs  .The  explosions  took  place 
between  the  buildings  and  after  the  second  building  (Fig.3,4)  .The  initial  form  of  all 
the  clouds  formed  after  explosion  was  like  the  "column".  One  can  see  that  both 
buildings  and  the  slope  form  the  stagnant  zones  where  the  pollutant  is  accumulated. 


Fig.4.  The  isolines  of  pollutant  concentration  at  t=0.8  . 
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Example  2.  The  explosion  at  the  storage  situated  in  the  hollow. 

Very  often  the  storage's  of  the  explosives  are  situated  in  the  “negative”  places  of 
reliefs  (in  the  hollows  )  The  dynamic  of  the  air  pollution  when  the  explosion 
occurred  at  the  storage  are  shown  in  Fig.5. 


Fig.5.  Isolines  of  the  pollutant  concentration  for  three  time  moments 
Example  3.  The  explosion  in  the  buildings. 

The  situation  when  the  explosion  took  place  in  the  buildings  and  this  caused  the 
ejection  of  pollutant  outside  of  them  is  considered.  The  place  of  the  pollutant 
ejection  on  the  buildings  is  shown  with  the  help  of  designation  (Fig.  6  ) .  In  this 
example  two  clouds  of  pollutant  appeared  on  the  first  building  and  one  on  the 
second.  The  clouds  are  seen  to  become  larger  during  the  time  and  a  part  of  pollutant 
is  accumulated  in  the  stagnant  zone  between  the  buildings  .The  polluted  air  tends  to 
go  to  the  ground  after  the  second  building. 


Fig.6.  Isolines  of  the  pollutant  concentration  for  two  time  moments 


CONCLUSION 

The  computer  model  developed  was  used  at  the  State  Research  Institute  of  the 
Chemical  Industry  (Shostka,  Ukraine)  and  Chemical  plant  "Desna"  (Shostka, 
Ukraine)  for  solving  the  forecast  problems  of  the  air  pollution  in  the  case  of 
different  accidents  with  explosives. 
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EXPLOSIVE  HAZARD  OF  GASOL  MIXED 
WITH  FLUORINE  AGENT 

Xuezhong  Xu  Degui  Wang  Baotian  Hao 
mingjing  Pei  Ruifu  Yang  Xuefeng  Zheng 
Northwest  Institute  of  Nuclear  Technology  XIAN  710024  China 

ABSTRACT 

The  explosive  characteristics  of  a  gasol  mixed  with  fluorine  agent  were  investigated  in  a 
vertical  detonation  tube.  Filling  the  tube  with  a  premixed  gasol-air-oxygen,  a  fluorine  agent  was 
sprayed  by  a  jet  installed  at  the  bottom  of  the  tube  and  generated  rapidly  a  lot  of  free  -radical.  This 
free-  radical  induced  the  rapid  reaction  of  the  gasol-air  mixture,  then  transition  to  detonation  was 
realized.  Detonation  wave  parameters  piezoelectric  and  infrared  transducers  were  recorded.  At  a 
point,  2.2m  away  from  the  jet,  the  maximum  overpressure  was  about  2.8Mpa  and  the  temperature 
was  more  than  2500  *C  in  these  laboratory  tests.  In  unconflned  field  tests,  the  experimental 
apparatus  was  plastic  bag  in  Im  diameter.  To  obtain  a  very  rapid  dispersing  rate  an  effective  push 
force  can  be  got  by  a  blast-generating  piston  apparatus.  It  took  less  than  1  millisecond  to  mix 
gasol-oxygen  with  the  fluorine  agent,  detonation  can  be  achieved  immediately.  12cm  away  from 
the  edge  of  the  bag,  the  overpressure  of  shock  was  1.2Mpa.  When  the  agent  was  sprayed  into 
gasol-air  mixture  in  the  same  size  bag,  only  deflagration  phenomena  was  observed  by  high-speed 
photography.  Influence  factor  might  include:(l)  the  size  of  the  bag.(2)  the  initial  concentration  and 
volume  of  gasol. 

1.  INTRODUCTION 

The  accidental  release  of  combustible  gases  or  evaporating  liquid  can  lead  to  devastating 
explosions.  Gaseous  detonation  research  up  until  the  early  1970s  focused  on  theoretical  and 
laboratory  studies  of  detonation  phenomena  in  fuel-oxygen  mixtures.  Very  few  experimental  data 
were  available  on  detonations  in  fuel-air  mixtures.  The  energy  and  the  cloud  volume  required  to 
establish  a  self-sustained  detonation  in  most  fuel-air  mixtures  are  too  large  for  laboratory  testing. 
Fuel-air  detonations  were  studied  in  laboratory  tubes  and  charmels.  Since  1980s  large-scale  field 
tests  have  been  performed  to  determine  the  detonablity  and  the  behaviors  of  detonations  in  fuel-air 
mixtures.  In  such  research  detonation  can  be  achieved  by  two  models.  These  included  i )  Direct 
ignition.  The  initiating  explosion  is  provided  by  an  external  high-energy  source,  (e.g.,  a  high 
explosive  charge)  The  strong  shock  waves  produced  by  such  explosions  directly  initiate  a  self- 
sustained  detonation  without  going  through  a  deflagration  phase,  (ii)  weak  ignition.  The  flame  is 
accelerated  to  high  speeds  and  to  cause  transition  to  detonation  within  such  clouds.  In  these  case 
the  ignition  is  delayed  so  that  a  potentially  explosive  fuel-air  cloud  has  been  formed. 

According  to  a  different  concept.  Browser  KR-  and  co-workers^"  studied  the  chemical 
initiation  in  unconflned  fuel-air  mixtures.  In  this  case,  the  detonation  can  be  obtained  by  mass 
flow,  which  was  generated  by  very  rapid  fuel  and  fluorine  agent  dispersion,  and  an  ignition  delay 
for  mixing  fuel  with  air  didn’t  require,  that  is,  it  seems  possible  to  obtain  detonation  in  fuel-air 
mixtures  by  flow  generated  by  very  rapid  dispersion  and  energy  release.  This  paper  presents 
results  of  an  investigation  on  the  explosive  phenomena  of  gasol  mixed  with  fluorine  agent  (e.g., 
BrF3). 
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2.  TEST  CONCEPT 

A  rapid  chemical  energy  release  proceeds  after  hydrocarbon  fuel  mixed  with  fluorine  agents, 
for  example, 

BrF^  +  2{C//i}=  1C  +  2HF  +  HBr 


The  reaction  releases  heat  energy  and  accelerates  the  following  combustion  process. 

3O2  ^  2COj  +  IHfi  + 

G-Ven  Elbe  and  E-T-McHale’^^  studied  the  chemical  kinetics  of  the  proceeds.  The  chemical 
energy  release  proceeds  via  collisions  of  free  radicals,  that  is,  molecules  carrying  a  free  chemical 
bond,  with  neutral  molecules  of  fuel,  oxygen  and  intermediate  reaction  products.  The  probability 
of  occurrence  of  chemical  reaction  in  such  collisions  at  ordinary  temperatures  exceeds  the 
probability  in  eollisions  between  neutral  molecirles  by  at  least  twenty  orders  of  magrritude,  due  to 
the  comparatively  low  activation  energies  E  of  tire  free-radical  reactions  and  the  correspondingly 
large  Arrhenius  factors  exp.  (-E/RT).  In  the  reaction  the  free  chemical  bond  is  transferred  to  one  of 
the  product  molecules  and  may  thus  continue  the  reaction  chain.  The  chain  is  broken  if  the  product 
free  radical  is  substantially  non-reactive,  as  for  example  the  radical  HO2,  or  if  two  free  radicals 
combine  to  form  a  neutral  molecule.  The  latter  process  becomes  significant  only  at  the  high  free- 
radical  concentration  in  the  final  stage  of  the  combustion  process.  The  chain  branches  of  the 
reaction  is  sufficiently  energetic  to  break  a  chemical  bond  and  to  separate  the  molecular  fragments, 
this  generating  two  new  free  radicals. 

Taking  butane,  C<H,o ,  for  example,  this  is  explained  by  chain  branching  in  collisions  of  BrF3 
with  radical  C4H9 ,  i.e. , 

■  +BrF,  =  ■  +2HF  ^BrF  +  Q 

CiHgOO  ■  +BrF^  -»  C^Hg  -b  neutralmolecules 
It  is  certain  that  at  the  high  O2  -  concentration  in  flammable  gaseous  hydrocarbon-air  mixture 
C4H9OO  predominates  over  C4H9.and  the  chemical  consideration  suggest  that  reaction  of  C9H9OO 
with  BrFs  produces  a  molecule  HE  and  breaks  the  peroxidic  band  0-0,  with  BrFj  the  molecular 
fragments  apparently  combine  with  two  of  the  available  atoms,  i.e.,  Br  and  F,  to  form  neutral 
molecules. 

3.  EXPERIMENTAL  APPARTUS 

3.1  Detonation  Tube 

A  vertical  detonation  tube  is  shown  in  Figure  1.  The  apparatus  consisted  of  a  4.  5  meter  long 
tube  with  internal  diameter  of  120mm.  In  the  experiments  whole  tube  was  filled  with  gasol-air 
orgasol-air-oxygen  mixtures,  the  fluorine  agent  was  sprayed  by  a  nozzle  installed  at  the  bottom 
of  the  tube. 

The  diagnostie  system  consisted  of  piezoelectric  pressure  transducer  (1#,  2#,3#,4#,5#,6#) 
and  Infrared  temperature  transducers  (r,2')  .  The  locations  of  the  transducers  are  shown  is 
Figure  2.  The  signals  from  the  pressure  and  temperature  transducers  were  recorded  on  TEK644. 

3.2  Field  Test  Apparatus 
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The  test  apparatus  shown  in  Fig.3,  was  plastic  bag  in  Imeter  diameter.  The  bag  was  filled 
with  gasol-oxygen  or  gasol-air  mixtures.  To  obtain  a  very  rapid  dispersing  rate,  a  blast¬ 
generating  piston  apparatus,  was  used.  When  the  powder  was  ignited,  a  very  powerful  push 
force  drove  a  metal  piston  so  that  the  fluorine  agent  was  spurted  to  the  gasol-air  or  gasol- 
oxygen  mixtures. 


0.12m 


fluorine  agent  gasol  oxygen 

Figure  1 :  A  schematic  of  the  detonation  tube  Figure2:  Location  of  pressure  and 

temperature  transducers 

The  overpressure  of  shock  wave  was  measured  by  six  PCB  piezoelectric  pressure 
transducers,  which  were  placed  in  an  array  as  shown  in  Figure  4. 


gasol  oxygen  or  air 
Figure  3  :  Schematic  of  the  bag  test 


Figure  4;  transducers  array 
of  bag  test 


4.  EXPERIMENTAL  RESULTS 
4. 1  .Reaction  products 

Using  Magna  750  and  HP  5890I1/5971A,  Qian-Yong  Xu’’’  analyzed  the  composition  of  the 
gasol  sample.  The  content  of  the  gasol  sample  were  listed  in  Table  1.  The  infrared  spectrum  for 
gasol  sample  is  shown  in  Figure  5. 

Table  1:  Content  of  gasol  sample 


L..  _ 

Ethane 

Propylene 

Butane 

Butene 

Isopentane 

14% 

62% 

12% 

10% 

2% 

Notice  that  there  are  absorption  peaks  of  methyl  (3000-2800, 1500~1350cm'')  and  alkene 
bond. 


The  gasol  reacted  with  fluorine  agent  BrF3  in  a  cylindrical  vessel.  In  which  the  initial 
pressure  was  130Pa.That  is,  in  the  vessel  oxygen  was  absence.  In  the  tests,  the  gasous  reaction 
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products  were  froge  out  by  liquid  nitrgen  and  the  infrared  spectrum  are  shown  in  Figiue  6. 
Spectrum  of  the  products  at  ordinary  temperatures  is  shown  in  Figure  7.  The  absorption  peaks  of 
the  methyl  (see  Fig6  )  are  visible  and  the  peaks  of  dangling  bond  don't  exist.  At  ordinary 
temperatures  the  produets  consists  of  propane,  butane,  isopentane  and  dibromine-propane  (see  Fig 

7). 


Figure  5:  Infrared  spectrum  of  gasol  sample 


Wave  Number(cm‘' ) 

Figure  6:  Spectrum  of  products(froge  by  liquid  nitrgen) 


Wave  Number(cm*) 

Figme  7:  Spectrum  of  products(atmospheric  temperature  298k) 

4.2  Explosion  behaviour  in  the  tube 

Table  2  contains  the  summary  of  tests.  The  results  show  the  deflagration  and  detonation 
behaviour  achieved  in  the  detonation  tube  for  the  chemical  initiation  of  gasol-air  and  gasol-air- 
oxygen  mixtures. 

In  the  vertical  detonation  tube  BrF3  mixed  with  gasol-air  mixtures  generated  a  lot  of  free 
radical.  These  free  radical  induced  rapid  reaction  of  gasol,  the  deflagration  regime  was  detected.  If 
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the  gasol  was  added  (gasol  and  oxygen  at  stoichiometric  composition).  Transition  to  detonation 
was  realized.  Detonation  wave  overpressure  and  temperature(see  Table  2)  measured  by 
piezoelectric  and  infrared  transducers. 


Table  2:  Results  of  tests  to  mix  gasol  with  BrF3 


Trial 

%content  by  volume 

Flourine 

Agent(ml) 

Overpressure 

(Mpa) 

Temperature 

k 

Result 

Gasol 

air 

1 

3.8 

0 

10 

Deflagration 

2 

7 

93 

10 

3 

12 

88 

10 

4 

5 

86 

9 

10 

2.2 

Detonation 

5 

6 

78 

16 

10 

2.8 

2773 

Detonation 

4.3.  Detonation  parameters  of  filed  tests 

As  shown  in  Table  3  the  detonation  parameters  are  valid  for  the  gasol-oxygen  mixture  at 
stoichiometric  composition.  But  the  detonation  was  unavailable  for  the  gasol-air  mixture.  The 
overpressure  was  measured  by  PCB  piezoelectric  transducers  placed  in  12cm  away  from  the  edge 
of  the  bag,  and  the  deflagaration  or  detonation  phenomena  was  observed  by  high-speed 
photography. 


Table  3:  Results  of  bag  tests 


Trial 

Flourine 

Agent(ml) 

Overpressure 

(Mpa) 

Gasol 

Air 

1 

16 

84 

25 

0.82 

Detonation 

2 

17 

83 

25 

1.2 

Detonation 

3 

18 

82 

25 

Detonation 

4 

3.8 

25 

Deflagration 

5.  CONCLUSIONS  AND  RECOMMENDATIONS 

A  series  of  experimental  study  for  explosive  hazard  of  gasol  mixed  with  flourine  agent  has 
been  performed.  In  laboratory  tests,  that  is,  in  confined  experiment,  detonation  was  easily 
achieved.  In  the  filed  tests,  that  is,  in  the  unconfined  tests,  the  agent  mixed  with  gasol-air, 
deflogaration  was  merely  obtained  unless  the  volume  of  the  mixtures  was  big  enough  for  DDT. 
in  the  gasol-oxygen  mixtures  detonation  was  realized.  Detonation  wasn’t  achieved  in  the  gasol-air 
mixture.  The  influence  factor  of  transition  to  detonation  might  include:  (1)  the  size  of  the  bag.  (2) 
the  initial  concentration  and  volume  of  gasol. 

Further  work  should  be  done  to  measure  the  middle  products  of  gasol  reacted  with  fluorine 
agent  to  determine  the  limit  concentration  and  voloum  of  the  gasol  by  using  fluorine  agent  as  a 
chemical  initiation  charge. 
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ABSTRACT 


A  short  description  of  the  structure  of  detonation  parameters  data  base  and  some  further 
characteristic  data  of  the  concerned  condensed  explosives  are  presented  in  the  paper. 

The  data  registered  in  the  form  of  charts  have  mostly  been  drawn  from  the  professional 
publications.  The  smaller  part  of  the  data  set  has  been  obtained  from  a  series  of  experiments  reali¬ 
zed  at  the  VUPCH  workplace.  The  DETPAR  Catalogue  can  be  employed  in  both  printed  form 
and  live  (operable)  form.  Among  others,  the  following  data  are  stored:  reference,  the  name  of  the 
substance  in  question,  its  composition,  density  and  Chapman  -  Jouguet  (C-J)  parameters.  If  avai¬ 
lable  in  the  original  source,  the  dimensions  of  the  specimen,  the  figure  describing  the  method  or 
the  arrangement  of  specimen  for  measurement  of  C-J  parameters,  and  the  results  of  PDT  and  Gap 
Test  evaluation  are  presented  as  well. 

The  DETPAR  data  base  offers  a  possibility  of  filtering  the  collected  data.  Consequently, 
it  is  possible  to  separate  reliable  C-J  parameters  from  the  data  loaded  by  some  methodical  error. 

The  enclosed  examples  of  figures,  charts,  and  references  represent  the  contents  and  grap¬ 
hical  arrangement  of  the  DETPAR  Catalogue. 


1.  INTRODUCTION 


For  any  design  process  concerning  explosives,  detonation  parameters  expressing  the  per¬ 
formance  of  detonation  products  of  the  used  charge,  are  of  fundamental  importance.  For  this  rea¬ 
son,  the  data  base  DETPAR  comprising  C-J  parameters  and  some  other  basic  characteristics  of 
broad  spectrum  of  condensed  explosives  has  been  drawn  up.  Now  it  contains  some  1,000  charts. 
Data  archived  were  mainly  drawn  from  tens  original  sources,  above  all  from  Dremin's  work  [1], 
from  publications  that  were  issued  in  printed  form  by  LASL,  see  [2],  [3],  and  from  the  reports 
produced  in  the  VUPCH  workplace. 


2.  STRUCTURE  OF  THE  DATA  BASE 


A  chart  is  used  in  the  information  system,  referred  to  hereinafter  as  DETPAR,  as  the 
most  convenient  way  of  presentation  of  the  stored  data.  The  chart  represents  a  combination  of 
graphic  part  and  texts  -  see  Table  1.  The  concerned  data  were  primarily  inserted  into  the  table 
created  in  dBASE  IV  environment  that  is  tabulated  of  fields  (vertical  columns  of  corresponding 
meaning)  and  lines.  The  content  of  a  line  represents  the  contents  of  one  chart. 


Table  1.  Invariable  texts  and  contents  of  individual  fields  of  the  chart. 


CLASS 

COMP 

Refer: 

CONT 

C-J 

D  = 

m/s 

<v>i  = 

m/s 

Pc,= 

GPa 

parameters 

Exp.  k  = 

E.= 

xlO^m^/s^ 

a  = 

mm 

Fiaure  No. 

_ 

mm 

L  = 

mm 

HEAT 

Q  = 

cal/a 

TEXT  1 

PDT 

Y  = 

mm 

mm 

mm  1 

GT 

b  = 

mm 

GPa 

TEXT  1 

TEXT 

TEXT 

TEXT 

TEXT 
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It  follows  from  Table  1.  that  the  chart  comprises  both  invariable  texts  as  e.g.  C-J  parame¬ 
ters,  PDT  etc.,  and  symbolism,  values  and  dimensions  of  variables. 

The  contents  of  individual  fields  and  meaning  of  the  symbols  in  Table  1.  are  defined  as 

follows: 

CLASS 

In  principle,  the  explosives  given  here  are,  in  accordance  with  Table  2,  divided  into  seven 
classes.  The  first  four  classes  represent  the  types  of  explosives  containing  TNT,  RDX,  PETN,  or 
HMX  as  a  predominant  compound.  Industrial  explosives  are  stored  under  the  class  PRUM. 


Table  2.  Classification  of  explosives  in  the  CLASS  field 


Filename 

Class 

File  contents 

DPTNT 

TNT 

Explosives  containing  predominantly  TNT 

DPRDX 

RDX 

RDX 

DPPETN 

PETN 

PETN 

DPHMX 

HMX 

HMX 

DPVBTZ 

VBTZ 

Other  explosives  of  known  composition 

DPVBTN 

VBTN 

Explosives  of  unknown  composition 

DPPRUM 

PRUM 

Industrial  explosives  and  other  explosive  substances 

In  case  the  explosive  is  composed  of  two  components  present  in  equal  portions,  the  data 
are  usually  mentioned  in  both  appropriate  classes. 

The  field  COMP  is  designated  to  store  the  data  concerning  composition,  name  or  brand 
of  explosive  here. 

The  field  containing  invariable  text  Refer,  is  designated  for  inserting  the  obligatory  refe¬ 
rence  to  the  source  of  information. 

The  field  labelled  as  CONT  serves  for  inserting  the  content  of  individual  compounds  ex¬ 
pressed  in  %  by  weight. 

Density  of  the  specimen  is  given  in  p,,  field. 

The  fields  with  invariable  texts  D,  Upcj,  Pq,  and  Exp.  k  are  designated  for  storing  the  fol¬ 
lowing  values: 

D  -  detonation  velocity 

Upcj  -  particle  velocity  at  the  C-J  plane 

Pq  -  detonation  pressure  of  products,  and 
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Exp.  k  -  polytropic  exponent  of  gas  products  of  the  given  explosive. 

At  present,  a  series  of  methods  is  used,  developed  for  measurement  of  C-J  parameters: 

-  If  the  time  contour  of  particle  velocity,  Up  =  f(t)  is  measured  by  the  inductive  method, 
then  the  curve  in  the  form  similar  to  that  of  the  ideal  curve  presented  in  Figure  1  and  also  a  fairly 
detailed  view  into  the  process  observed  may  be  obtained  [1], 

-  C-J  pressure  of  products  can  be  determined  using  Manganin  piezoresistive  gauge,  whi¬ 
ch  is  directly  embedded  into  the  measured  specimen.  Then  the  change  in  electric  signal,  which  is 
proportional  to  the  change  in  resistivity  of  the  gauge  due  to  the  acting  pressure  of  products  is  re¬ 
gistered  -  see  Figure  2. 


Velocity  Up  Pressure  p 


Figure  1 

Idealized  particle  velocity 
contour  behind  the  front  of 
detonation  wave  (DW) 


Figure  2 

Typical  pressure-response 
of  Manganin  gauge  inserted 
into  the  HE  specimen 


-  C-J  parameters  may  be  evaluated  by  means  of  various  types  of  indirect  methods.  Their 
basis  usually  consists  in  measurement  of  planar  shock  wave  front  velocity  Uo  =  f(x)  or  particle 
velocity  behind  the  shock  front  Up  =  f(x)  along  the  calibrated  inert  material,  which  is  tightly  con¬ 
tacted  to  the  scoped  specimen.  As  the  second  step,  the  impedance  mismatch  is  processed  and  the 
set  of  C-J  parameters  is  evaluated  in  accordance  with  theoretical  postulate  [3]. 

Detonation  velocity  is  usually  measured  using  the  charge  of  cylindric  geometry  with 
length,  L,  several  times  outnumbering  the  diameter,  d^ .  More  information  about  the  technologies 
and  advantages  or  problems  of  various  methods  is  given  in  [2],  [3]. 


123  -  5 


The  relation  between  pressure  Pq ,  density,  detonation  velocity  and  particle  velocity,  Upq 
is  expressed  by  the  equation  of  conservation  of  momentum  (1): 

P cj  /?0  ^ ) 

The  polytropic  exponent  is  defined  by  the  equation  (2): 


The  next  field,  Eg,  is  designated  for  the  Gurney  energy  value,  which  is  calculated  from  C- 
J  parameters  set,  as  theoretically  defined  by  equation  (3); 


This  relation  is  suitable  mainly  in  the  area  of  small  ballistic  ratios. 

Eg  data,  experimentally  determined  by  means  of  any  type  of  ballistic  method,  are  usually 
presented  in  the  bottom  text  part  of  the  chart. 

The  width  of  reaction  zone,  a,  is  defined  by  the  equation  (4): 

a  =  (l»-a^)A/g  (4) 

where ITp,  in  accordance  with  Figure  1,  represents  the  value  of  median  particle  velocity  in  the  in¬ 
terval  (tcj  -  to)  =  Atcj. 

The  number  of  illustration  showing  the  appropriate  method  of  measurement  C-J  para¬ 
meters  is  given  in  the  field  Figure  No. 

The  dimensions  of  diameter  and  length  of  the  specimen  are  put  into  the  fields  labelled  as 

djp,  L. 

The  HEAT  field  serves  to  record  there  experimentally  determined  or  calculated  specific 
detonation  heat,  Q,  of  the  explosive. 

The  line  labelled  with  the  PDT  abbrevation  is  designated  to  insert  there  Plate  Denting 
Test  data  (the  depth  of  steel  plate  dent),  Y,  and  specimen  and  plate  diameters,  dei ,  dpi . 

In  the  line  labelled  with  GT  symbol,  the  height  of  barrier,  b,  and  the  value  of  pressure 
behind  the  shock  wave  front  in  barrier  at  boundary,  Pb,  are  inserted.  Both  these  parameters  repre¬ 
sent  the  sensitivity  of  the  observed  specimen  to  shock  wave,  determined  by  means  of  Gap  Test. 
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Other  data  characterising  the  explosive  concerned  are  possible  to  be  given  in  the  text 
fields  using  accessible  alpha-numerical  symbols.  The  data  drawn  from  other  sources  are  always 
accompanied  with  reference  to  the  source  of  these  information. 


3.  CONCLUSION 

Comparation  of  the  data  stored  enables,  to  a  certain  extent,  to  distinguish  influences  of 
measuring  system  and  the  way  of  interpretation  of  primary  data  from  the  influences  of  conditions 
of  individual  experimental  procedure  on  the  reliability  of  the  resulting  data  obtained.  In  such  a 
case  it  is  necessary  to  avoid  the  application  of  simple  statistic  access  into  the  process  of  fitting  of 
data  compared,  because  e.g.,  the  dimensions  of  specimen,  planarity/nbnplanarity  and  stabili¬ 
ty/instability  of  detonation  regime  play  a  very  important  role  here. 

C-J  data  obtained  at  the  self-sustaining  planar  detonation  regime  may  serve  as  basic  input 
data  for  a  numerical  simulation  of  product  effects  on  the  surroundings.  The  data  obtained  at  the 
measurement  of  cylinder  shaped  specimen  describe  another,  but  natural  and  fi-equently  generated 
regime  of  detonation.  The  apparent  distinction  between  those  two  detonation  systems  is  necessary 
to  be  taken  into  account  whenever  the  DETPAR  Catalogue  or  any  similar  database  collecting  C-J 
parameters  is  processed  or  analysed. 

The  printed  form  of  DETPAR  Catalogue  in  English  language,  designed  for  specialists  in 
this  branch,  is  prepared  at  present  time. 
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Measured  HE  Inert  calibr.  plate  -  Al,  Dural,  brass,  Mg 


Figure  21.  Measurement  of  shock  wave  front  velocity  along  the  inert  calibrated  plate 
according  to  [29] 


Figure  22.  Measurement  of  shock  wave  velocity  in  water  using  high-speed  camera  according 
to  [30] 
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V  =  4.29  mm/|js 


Mylar  flyer 
0.25  mm  thin 


LiF  single  crystal 

AI  mirror  0.2  mm  thin 
LX  14  d  =  25  mm 


Fabry  -  Perot 
velocimeter 


Figure  23.  Measurement  of  velocity  of  the  HE  -  LiF  window  boundary  using  Fabry  -  Perot  inter¬ 
ferential  device  [35] 


b) 


- Evaluation  of  S2  signal 

a)  Arrangement  of  a  specimen  with  couple  of  embedded  inductive  gauges.  Si,  S2 

b)  Comparation  of  a  rather  idealized  response  of  the  gauge  Si,  which  is  embedded 
into  HE,  with  a  response  of  the  boundary  gauge  S2 


Figure  24.  Simultaneous  measurement  of  particle  velocity  in  the  specimen  and  at  the  HE  -PMMA 
boundary  by  means  of  inductive  gauges. 


TNT 
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HMX 


Refer.:  71 


C-J 

parameters 


IIAwSlililSS 


IBS 


loa 


HEAT 


PDT 


GT 


HMX  single  crystal,  nonrcactive  shock  adiabat:  U,  =  5800  +  0.59  Upi  [m/s) 
Us  [m/s]  7200  7350  7550 

Up  [m/s]  2610  2490  2930 

PIGPal  35.705  34.773  42.031 


HMX 


HMX  Phlegmat. 


Refer.:  78 


C-J 

parameters 


|IAiUueUI33 


iliPi  imiiiiilMBrWif 


D  =  8690  m/s 


E.\d.  k  =  3.28 


Figure  No.  28 


HEAT 


PDT 


GT 


PMMA  slices  cca  0.3  mm  thin,  contacted  to  HMX 
Device  LIVS  described  in  source  [80] 

Atcj  =  40  ns,  Paid  =  46.8  GPa, 

Shock  velocity  at  the  interface  PMMA  -  HE:  U,o  =  8060  m/s 


L  =  120  mm 


HMX 


Refer.:  78 


C-J 

parameters 


HMX  Phlegmat. 


D  =  8690  m/s 


E.\d.  k  =  3.28 


Figure  No.  18 


Velocity  of  interface  between  HE  products  -  PMMA  measured  by  laser  and  photomultiplier 
devices, 

Time  interval  Atci  =  40  ns 
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The  calculation  of  chemical  equilibria  is  not  only  of  interest  for  the  evaiuation 
of  the  performance  of  rocket  and  gun  propeiiants.  it  is  being  used  aiso  for 
optimization  purposes  of  different  combustion  processes  with  regard  to 
temperature,  pressure  and  product  formations.  Such  calcuiations  can  be 
performed  for  exampie  with  the  ICT-Thermodynamic  Code,  which  is  running 
on  PC. 

The  reliability  of  the  results  of  thermochemical  calculations  depends  primariiy 
on  the  accuracy  of  the  data  used.  Therefore  the  Fraunhofer-lnstitut  fiir 
Chemische  Technoiogie  (ICT)  began  very  eariy  to  coilect  data  on  energetic 
materiais.  in  1971,  tabies  with  properties  of  substances  related  with  the 
preparation  of  rocket  and  gun  propellants  were  published\  This  pubiication 
contains  besides  enthaipies  of  formation  other  data  iike  heat  of  combustion, 
moiecular  weight,  oxygen  balance,  density  and  structure  formuia  of  some  500 
substances.  Data  of  147  additional  substances  was  published  in  1981^. 

Meanwhile,  properties  of  a  iot  of  new  energetic  substances  have  been 
published.  Therefore,  instead  of  compiiing  an  additional  supplement,  the 
main  properties  of  all  these  substances  are  stored  in  a  Thermochemicai 
Database.  Compared  with  printed  tables,  this  has  the  advantage  that  data  can 
be  retrieved  very  fast;  updates  can  be  made  easily  and  regularly. 

The  first  pubiished  database  of  1994  contained  data  of  1850  substances;  this 
fourth  update  is  containing  data  of  more  than  3800  substances. 

The  database  is  avaiiable  in  a  MS-DOS-Version  and  now  aiso  in  a  Windows- 
Version  (to  be  used  with  Windows  95  /  Windows  NT  3.51  and  higher).  With  the 
new  Windows-Version  the  structure  formuias  can  be  seen  at  the  screen,  they 
can  be  printed  together  with  the  data  and  are  easily  transferred  to  the 
clipboard. 


’  F.  Volk,  H.  Bathelf,  R.  Kuthe:  Thermodynamische  Oaten  von  Raketentreibstoffen, 
Treibladungspulvern  sowie  deren  Komponenten 

^  H.  Bathelt,  F.  Volk:  Thermodynamische  Oaten  von  Raketentreibstoffen, 
Treibladungspulvern  und  Sprengstoffen  sowie  deren  Komponenten 
1.  Erganzungsband,  ICT-Bericht  1/81 
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The  Thermochemical  Database 

■^contains  data  of  more  than  3800  substances 
■^contains  especially  data  of  energetic  materials 
■^is  available  in  English  and  German 
■^is  updated  regularly 

The  following  data  is  stored: 

•  Sum  formula 

•  State  of  aggregation 

•  Name(s) 

•  Molecular  weight 

•  Oxygen  balance 

•  Density 

•  Melting  point 

•  Boiling  point 

•  Enthalpy  of  formation  (up  to  four  values) 

•  Energy  of  formation 

•  Energy  of  combustion 

•  References 

Structure  formulas  of  the  stored  organic  substances 
are  given  in  the  manual  (MS-DOS-Version)  or  are  shown  at 
the  screen  in  the  Windows-Version 

w238.doc 
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The  Thermochemical  Data  Base 

allows  to  search  for 

•  Names 
•Sum  formulas 
•Parts  of  names 
•Parts  of  sum  formulas 

•Names  beginning  with  a  certain  letter 
•Substances  consisting  of  certain  eiements 
•Substances  containing  certain  elements 

•Substances  with  certain  properties 
(for  example  with  a  positive  oxygen  balance  or 
with  a  positive  enthaipy  of  formation) 

•  Substances  belonging  to  certain  classes 

for  example:  Primary  explosives 
Stabilizers 
Liquid  fuels 
Pyrotechnics 


w239.doc 
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Windows  -  Version; 


Search  for  names: 


b-AMINOPROnONITRlL  NITRATE  \  -•  i 

b-AZIDOETIHYLAMINE-3-NITRO-1.2.4-TRIA20LE-5-ONAr  . 

b-CHLORODINITROGLYCERINE 

b-GLYCEROL  NITRATE 

b-NAPHTI-IYL-OlPHENYLUREA 

thNAPHTHYLAMINE 

b-NITOONAPHTHALENE  >•:" 

b-NITROSO-8-NAPHTHOL 

b-PICOL!NE 

b-PROPlOLACTONE 

B10H12(NH3)2"N2H4  .v; 

B10H14  • 

B10H14‘‘(NH3)3 

B10H14‘4N2H‘1  Vv 

B10H14‘5N2H4  K:':. 

B2H6 

B2H6N2H4  TTi 

B203 


.  8  Sheremetev  et  el :  Furezen  Oerivetrves'  High  Energetc 
Materials  from  Dieminofurozan.  >^l  Int  Pyrotecn  Semmar. 
1996 


By  clicking  on  the  Print  button  in  the  lower  right  corner  the  stored  data  including  the 
structure  formula  and  sources  can  be  printed. 


Search  for  part  of  names:  Example:  Search  for  -hexanitro-  (63  names  found) 
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Windows  -  Version;  Example  for  Partial  Element  Search 


ICT  Thermochemical  Database 


Kfiorrh  ResoHs 


Source 


'f  ■  p'  r  7 ^ '  j 

2.4- 0INrm0IMIDA20LE 

2.4- DNI 


;. 's'  ;  r  i-  '  >'  ■  '-'^1  ;■  'r  .>  ■ 

.  .'  -  ■■  '••'■  •' 

1.3- DIFLUORO-1.1.3.3-TETBANITROPROPA, 
2.4.6-TRI0X0IMIDA20LID1NE 

2.4- D1NITR01MIDA20LE 

2.4- DNI 

2-AMINO-4.6-DAZIDO-T3.5-TRIA2INE 

<5-DINrrR0IMIDA20LE 

MALONONITRILE 

N.N’'DlCTRIS(D!FLUORaWvllNO)METHyL)U .. 

N.N’-CKkALUREA 

PARABANICACID 

PROPANEDINITRILE 


is  Strsuss.  S.  Moy.  J.  Pretelski 


IM  Tech  Base  (6.2)  Program 

DEA-A-76-G-1 21 8  Meeting-Errergetic  Materials  For  Munitions. 


Nitrocellulose; 


Si  ICT  Thermochemical  Database 


A  Substance 


Jit  Source 


iSetvch  IJiroceluiose  £^outTD8  DA 


NITROCELLULOSE 

NC(12.20XN) 


jPolymerbinders 


taljet 


IB  T  Fedorotf.  0  E.  Sheffield  /  S  M.  Kaye 


Encyclopedia  of  Explosives  and  Related  Items 
Picetinny  Arsenal.  Dover.  New  Jersey 
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Windows  -  Version:  Search  for  substances  with  certain  properties 


OH  ICT  Thermochemicai  Databose  HBlEal 


il  Sewdt  .  ^outTt)B  £3<i« 


It  is  possible  to  choose: 

•  State  of  aggregation:  Solid  and  /  or  liquid  and  /  or  gaseous 

•  Classes  of  substances 
Choosing  the  other  options 

•  Oxygen  balance 

•  Enthalpy  of  Formation 

•  Density 

•  Melting  Point 

•  Boiling  Point 

you  can  decide  whether  the  values  shall  be  greater,  equal  or  less  than  the  entered 
value.  Besides  this,  the  Enthalpy  of  Formation  can  be  entered  in  Kcal/mol  or  in 
KJ/mol. 


1  Structural  Formula 

HO  13 

0 

oo  " 

OjN  NsN"^  N 

sN* *^  ‘N=N  no. 

Ir^  r% 

N  N 

0  O 

Copy  1 

T 

By  clicking  on  the  Copy  button  the  structure  is  copied  to 


the  clipboard. 
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C4  H4  N8  0  14 


Samples 

of  the  stored  values 


N-NITROBIS(2,2,2-TRINITROETHYL)AHINE 

l,l,l,3,5,5,5-HEPTANITR0-3-AZAPENTANE  HOX  BTNENA 

BIS(2,2,2-TRIHITR0ETHYL)NITRAMINE 

Molecular  Weight;  388.121  [g] 

Oxygen  Balance:  16.49  [%] 

Density  [g/cm3] :  1.96  at  20°C 

Source:  93 

Melting  Point  [°C] :  94-95 

Source:  93 

Boiling  Point  [°C]:  175.7  D 

Source:  420 

Enthalpy  of  Formation 

Energy  of  Formation 

Source 

[KJ/Hol]  [Kcal/Hol] 

[Kcal/kg] 

[KJ/Hol] 

[Kcal/Hol] 

-28.03  -6.70 

-17.26 

4.17 

1.00 

72 

-27.20  -6.50 

-16.75 

5.01 

1.20 

34 

20.29  4.85 

12.50 

52.50 

12.55 

358 

-136.82  -32.70 

-84.25 

-104.61 

-25.00 

STB 

Energy  of  Combustion: 

Source:  93 

506.1  [Kcal/Hol] 

=  1304.0  [cal/g] 

1-  182 

C5  H9  N1  04 


POLY-3-NITRATOMETHYL-3-METHYLOXETANE 

pNMMO 


Liquid 


POLYNIHMO 


Molecular  Weight:  147.131  [g] 
Density  [g/cni3]:  1.26 

Boiling  Point  [°C]:  187  D 

Enthalpy  of  Formation 
[KJ/Hol]  [Kcal/Hol]  [Kcal/kg] 
-309.20  -73.90  -502.27 

-309.20  -73.90  -502.27 

-393.30  -94.00  -638.89 

-334.72  -80.00  -543.73 


Oxygen  Balance:  -114.18  [%] 
Source:  253 
Source:  484 


Energy  of  Formation 
[KJ/Hol]  [Kcal/Hol] 
-291.86  -69.76 
-291.86  -69.76 
-375.96  -89.86 
-317.38  -75.86 


Source 


H  4  N  4  0  4 


AMMONIUM  DINITRAMIDE  NH4N(N02)2  AON 


Molecular  Weight:  124.056  [g]  Oxygen  Balance: 


25.79  [%] 
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405 

406 

407 


408 

409 

410 

411 


412 


413 


414 


415 

416 

417 

418 

419 

420 

421 


H.E.  Grice,  Dept,  of  Chemistry,  University  of  New  Orleans,  USA 
Personal  communication,  1995 

A.  Gunasekaran,  H.L.  Trudell,  J.H.  Boyer 
Dense  Energetic  Compounds  of  C,H,N,and  0  Atoms 
IV  Nitro  and  Azidofurazan  Derivatives 
Heteroatom  Chemistry,  Volume  5,  No.  5/6,  1994 

J.  Meulenbrugge,  A.vd  Steen,  A.  vd  Heyden 
Crystallisation  of  energetic  materials; 
the  effect  on  stability,  sensitivity  and  processing  properties 
Proc.  Int.  Symp.  on  Energetic  Materials  Technology, 

Sept.  24-27,  1995,  Phoenix,  Arizona 

K. Y.-Lee,  M.  Chan 

The  Two  Polymorphs  of  N-DNAT,  A  High  Nitrogen  Molecule 
Proc.  Int.  Symp.  on  Energetic  Materials  Technology, 

Sept.  24-27,  1995,  Phoenix,  Arizona 

B.  Wang,  C.  Zhu,  Q.  Longl 

Synthesis  and  Properties  of  1,3,3-Trinitroazetidine 
Hanneng  Cailiao,  3(1),  7-9  (Chinese),  1995 
J.R.  Cho,  J.S.  Kim,  Y.G.  Cheun 

An  Improved  Synthetic  Method  of  Poly(NMMO)  and  PGN  Prepolymers 
Proc.  Int.  Symp.  on  Energetic  Materials  Technology, 

Sept.  24-27,  1995,  Phoenix,  Arizona 
H.R.  Buehler,  S.A.  Aubert 

Characterization  of  the  Sensitivity  and  Performance  Properties 
of  Bis-(2,2-Dinitropropyl)Fumarate  and  1,3,5-Trinitrobenzene 
Proc.  Int.  Symp.  on  Energetic  Materials  Technology, 
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1-1688  TETRRMETHYLLEAD 

1-  468  TETRAMETHYLOLCYCLOHEXANOL  PENTANITRATE 
1-  467  TETRAMETHYLOLCYCLOHEXANONE  TETRANITRATE 
1-  441  TETRAMETHYLOLCYCLOPENTANOL  PENTANITRATE 
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1-1885  2,6,8,  lO-TETRANITRAZA-,4 , 8-DIAZA-TRlCYCLO  (7 . 3 . 0 . 0)  DODECANE-5 , 11-DIONE 

1-2730  2,4,5, 7-TETRANITRO-l-  (2,4, 6-TRINITROPHENYL)  NAPHTHALENE 

1-  159  1,3,5,7-TETRANITR0-1,3,5,7-TETRAAZACYCL00CTANE 

1-1946  trans-l,3,S,7-TETRANITRO-l,3,5,7-TETRAAZADECALIN 

1-1945  eis-1 ,3,5, 7-TETRANITRO-l ,3,5 , 7-TETRAAZADECALIN 

1-1944  1,3,7, 9-TETRANITRO-l  ,3,7, 9-TETRAAZASPIRO  ( 4 . 5)  DECANE 

1-  868  l,3,5,5-TETRANITRO-l,3-DIAZACYCLOHEXANE 

1-  868  1,3,5,5-TETRANITR0-1,3-DIAZINE 

1-  323  trans-l,4,S,8-TETRANITRO-l,4,5,8-TETRAAZADECALIN 

1-1241  1,4,5 , 8-TETRANITRO-l ,4,5, 8-TETRAAZADIFURAZANO- (3 , 4-c) (3 , 4-h) DECALIN 

1-2686  1,4,5 , 8-TETRANITRO-l  ,4,5,  S-TETRAAZAFURAZANO  (3 , 4-b)  DECALIN 

1-1153  2,4,6 , 8-TETRANITRO-2 ,4,6 , 8-TETRAAZACYCLOOCTANON-l 

1-  198  2,4,6,8-TETRAN1TRO-2,4,6,8-TETRAAZAD1CYCLO(3,3,0)-OCTANDIONE-(3,7) 

1-1152  2,4,6 , 8-TETRANITRO-2 , 4 , 6,8-TETRAAZADICYCLO (3 , 3 , 0) OCTANE 

1-1143  2,4,6, 8-TETRANITRO-2 ,4,6 , 8-TETRAAZADICYCLO (3,3 , 0) OCTANON-3 

1-1941  2,4,8, lO-TETRANITRO-2 ,4,8, lO-TETRAAZASPIRO (5 . 5) UNDECANE 

1-2458  2,5,7, 9-TETRAN1TRO-2 ,5,7, 9-TETRAAZABICYCLO [4 . 3 . 0] NONANE-8-ONE 

1-1167  1,3,5, 7-TETRANITRO-2 , 6-DIOXO-l ,3,5, 7-TETRAAZACYCLOOCTANE 

1-1263  1 , 3 , 6 , 8 -TETBANITRO-3 , 6-DIAZA-n-OCTANE 

1-2107  l,l,l,3-TETRANITRO-3-AZABOTANE 

1-  872  2,2,6,6-TETRANITBO-4-AZAHEPTANE 

1-1878  2,2,6,6-TETBANITROADAMANTANE 

1-  238  2,3,4,6-TETRANITROANlLINE 

1-1240  1,2,3,4-TETRANITROBENZENE 

1-  312  1,2,4,5-TETBANITROBENZENE 

1-1239  1,2,3,5-TETRANITROBENZENE 

1-2652  2,2' ,4,4'-TETRANITR0BENZIL 

1-1736  4,5,6,7-TETRANITROBENZOFOROXANE 

1-  789  l,3,8,10-TETRANITROBENZOTRIAZOLO[l,2-a]BENZOTRIAZOLE 

1-  507  l,3,7,9-TETRANITROBENZOTRIAZOLO[2,l-a]BENZOTRIAZOLE 

1-  204  1,1,1,4-TETRANITBOBUTANE 

1-  967  1,1,3,3-TETRANITROBOTANE 

1-  171  2,2,3,3-TETRANITROBUTANE 

1-  491  1,3,6,8-TETRANITROCARBAZOLE 

1-2041  1,3,5,7-TETRANITROCOBANE 

1-2642  1,2,3,4-TETRANITROCOBANE 

1-2648  2,4,4', 6-TETRANITRODIBENZYL 

1-2646  2,2' ,4,4'-TETRANITRODIBENZyL 

1-1537  TETRANITRODIGLYCEROL 

1-1413  2,2'  ,4,4'-TETRANITR0DIPHENYLAMINE 

1-  154  TETRANITROERYTHROL 

1-  198  1 , 3 , 4 , 4-TETRANITROGLYCOLURIL 

1-  868  1,3,5,5-TETRANITROHEXAHYDROPYRIMIDINE 

1-1881  2,2,6,6-TETRANITRO-HEXAMETHYLENE  TETRAMINE 

1-2685  1,3, 4 ,7-TETRANITROIMIDAZOLINE (4 ,5-b) -FORAZANO (3 , 4-e) PIPERAZINE 

1-  2  TETRANITROMETHANE 

1-  487  1 , 4 , 5 , 6-TETRANITRONAPHTHALENE 

1-  474  1,3,6,8-TETRANITRONAPHTHALENE 

1-  483  1,4,5,8-TETRANITRONAPHTHALENE 

1-1295  2,2,7,7-TETRANITRONORBORNANE 
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ETC  Plasma-Propellant  Interactions 

P.J.  Kaste,  R.A.  Rodriguez-Pesce,  M.A.  Schroeder,  G.L.  Katulka,  K.J.  White.  M.L.  Leadore,  A.E.  Kinkennon 
U.S.  Army  Research  Laboratory  (ARL),  AMSRL-WM-BD,  APG,  MD,  21005-5066,  USA 


Abstract 

Characterization  of  propeilants  after  treatment  with  ETC  plasmas  was  undertaken  to  understand  the 
mechanisms  of  piasma-propeilant  interaction.  Samples  of  various  chemistries  were  studied,  inciuding  JA2, 
composite  propellants  containing  RDX  and  CL20,  and  propellants  with  energetic  thermoplastic  elastomeric 
(ETPE)  polymers  as  the  binders.  The  plasma  source  was  characteristic  of  that  used  in  ETC  ignition,  except 
that  the  power  was  reduced  so  that  reaction,  but  not  ignition,  occurred  for  most  samples,  and  material 
remained  for  analysis.  Samples  were  exposed  to  the  following  plasma  treatments:  a)  direct  exposure  to  the 
plasma,  b)  shielding  with  polyethylene  terephthalate  (Mylar)  films  to  screen  a  large  fraction  of  the  UV 
component  and  reduce  convective  heating,  and  c:)  shielding  with  aluminum  foil  to  reduce  the  radiative,  but  not 
conductive,  component.  Morphological  and  chemical  characterization  studies  were  performed  on  the  treated 
samples,  and  compared  with  the  virgin  material.  Scanning  electron  microscopy  of  some  treated  JA2  samples 
showed  that  melting  and  probably  degassing  occurred.  Through  reflectance  Fourier  transform  infrared  (FTIR) 
spectroscopy,  the  following  changes  in  treated  propellant  samples  were  observed:  denitration  of  nitrate  esters, 
hydrolysis  of  cellulosio  binders  and  a  reduction  of  the  nitramine  level.  Desorption-gas  chromatography-mass 
spectrometry  was  used  to  determine  that  some  treated  samples  suffered  a  loss  of  nitrate  ester  plasticizer.  X- 
ray  fluorescence  spectroscopy  showed  that  tungsten  is  deposited  on  the  propellant  after  plasma  treatment. 

Background 

Electrothermal  chemical  (ETC)  gun  concepts  are  being  explored  for  improving  gun  performance  in  propelling 
charges  with  high  energy  densities.  High  energy  plasmas  are  used  as  igniters  in  ETC  firings.  The  goal  is  to 
enhance  propellant  burning  rates  through  interaction  of  the  plasma  with  the  propellant.  Experimentally,  ignition 
times  are  shorter  and  more  reproducible  with  ETC  igniters  compared  to  conventional  igniters  (1 ,2).  Moreover, 
if  propellant  temperature  sensitivity  could  be  reduced  so  that  firings  over  a  range  of  temperatures  would  yield 
similar  gun  pressures,  then  a  concomitant  improvement  in  performance  could  be  realized.  However,  to  exploit 
the  potential  of  plasma  igniters,  it  is  necessary  to  understand  the  mechanisms  involved  in  plasma-propellant 
interactions.  These  mechanisms  could  include  radiative,  conductive,  and  convective  transfer,  as  well  as 
chemical  interaction  of  the  plasma  species  with  the  propellant.  This  paper  is  a  summary  of  efforts  to  date  at 
the  ARL  in  the  area  of  plasma  propellant  interaction.  Samples  were  generated  in  three  different  series  of 
experiments  and  under  different  conditions,  therefore  it  is  not  possible  to  correlate  the  results  of  the  different 
experiments.  It  is  possible  to  make  observations  from  each  regarding  the  role  of  plasma  mechanisms. 
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Moreover,  the  studies  have  been  valuable  in  developing  the  methodology  and  strategies  to  be  used  in  future 
systematic  experiments  for  understanding  plasma  propellant  interaction,  \which  will  be  an  integral  part  of  a 
basic  ETC  research  program. 

Experimental 

A  100  kJ  capacitor-based  pulsed  power  supply  (PPS)  was  used  for  generating  the  high  energy  plasmas  in 
these  experiments.  The  power  supply  consists  of  two  capacitors  (1 1  kV,  830  uF),  interconnected  with  a  10  uH 
inductor  and  an  ignitron  switch.  The  plasma  generator  has  an  inner  diameter  of  0.6  cm  and  an  overall  length  of 
about  1 0  cm.  Power  levels  for  the  different  experiments  ranged  from  60  to  1 25  MW,  depending  on  the  initial 
capacitor  voltage  level.  In  response  to  a  pulse  from  the  plasma  generator,  a  metal  (commonly  aluminum)  fuse 
positioned  between  the  anode  and  the  cathode  is  rapidly  vaporized  and  ionizes  the  polyethylene  liner  to  form  a 
dense  plasma  in  which  a  high  current  discharge  is  sustained  (3).  The  desired  ignition  effect  is  to  increase  the 
propellant  gas  generation  rate  so  that  the  pressure  profile  is  optimized  (lowered  in  amplitude  and  broadened  in 
time),  compensating  for  the  propellant  burning  rate  temperature  sensitivity. 

Three  types  of  experiments,  involving  different  plasma-propellant  exposure  mechanisms,  were  performed.  In 
all  experiments,  JA2  (consisting  of  nitroglycerin,  NG;  diethylene  glycol  dinitrate,  DEGDN;  and  nitrocellulose, 
NC)  was  used  as  a  sample.  Additionally  in  the  third  experiment,  a  matrix  of  a  variety  of  propellant  materials 
was  examined.  These  experiments  are  described  below: 

1.  JA2  Exposed  through  a  Polyethylene  Tube:  The  first  experiment  involved  exposure  of  sheet  JA2  through  a 
polyethylene  tube;  Figure  1  shows  a  schematic  of  the  experimental  setup  (4).  The  plasma  cartridge  was  fired 
into  a  polyethylene  centercore  tube  (OD-44  mm;  wall  thickness-3mm;  length-235  mm).  Small  rectangles  of  the 
JA2  sheet  were  located  at  the  same  axial  position  along  the  outside  of  the  polyethylene  centercore  tube  which 
provided  a  physical  barrier  between  the  plasma  and  propellant.  The  JA2  was  therefore  not  subjected  to  the 
convective  flow  of  the  gases,  but  was  exposed  to  some  radiant  energy.  The  polyethylene  tubing  is  largely 
transparent  in  the  visible  and  infrared  regions,  but  has  a  cut-off  at  wavelengths  lower  than  200  nm,  as  shown  in 
Figure  2,  Although  the  propellant  samples  were  located  at  the  same  axial  position  along  the  length  of  the  tube, 
they  were  located  at  various  stand-off  distances  from  the  tube  outer  surface.  Thus,  the  conductive  effect  of  the 
plasma  was  virtually  eliminated.  The  power  output  of  the  PPS  was  60  MW;  peak  energy  is  delivered  by  250- 
300  osec,  with  a  total  pulse  duration  of  about  500  usee. 

2.  JA2  in  a  Freely-Expanding  Plasma:  In  the  second  experiment  granular  JA2  was  used.  A  schematic  for  the 
experimental  setup  is  shown  in  Figure  3.  The  propellant  was  exposed  to  the  plasma  in  three  different  ways: 

a)  direct  exposure  to  the  freely  propagating  electrical  plasma 

b)  shielding  of  the  grains  by  covering  with  aluminum  foil.  This  allowed  the  propellant  to  be  subjected  to  the 
conductive  heat,  but  diminished  the  effects  of  radiation  and  convective  gas  flow. 
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c)  shielding  of  the  grains  by  a  sheet  of  Mylar  film.  The  latter  is  transparent  in  the  visible  region,  but  is  an 
effective  filter  of  UV  radiation  below  300  nm-  at  least  down  to  190  nm-  the  lowest  wavelength  measurable  with 
the  spectrometer  used  (Figure  2).  Thus,  the  Mylar  would  allow  the  propellant  to  be  subjected  to  visible 
radiation,  but  would  diminish  the  convective  and  conductive  gas  flow  effects,  and  exposure  to  UV  radiation. 

3.  Propellant  Array:  The  third  experiment  was  performed  in  August,  1997,  and  consisted  of  a  matrix  of 
propellants  which  were  exposed  simultaneously  to  a  single  plasma  output.  Samples  were  positioned  with 
adhesive  to  a  sheet  of  Plexiglas.  An  array  of  fourteen  samples,  consisting  of  two  sets  of  seven  different 
formulations,  were  tested  as  shown  in  Figure  4.  The  top  set  of  samples  was  exposed  to  the  plasma  directly, 
whereas  the  bottom,  "twin",  set  was  covered  by  a  sheet  of  Mylar  film.  The  distance  from  the  plasma  output 
nozzle  to  the  Plexiglas  center  was  30  cm,  and  the  direction  of  propagation  of  the  plasma  was  normal  to  the 
sample  surfaces.  The  PPS  power  level  was  125  MW;  it  is  estimated  from  computer  simulations  (5)  that  the 
plasma  temperature  inside  the  generator  core  and  prior  to  expansion  in  the  open  air,  reached  about  30,000  K. 
The  spatial  distribution  of  the  plasma  across  the  Plexiglas  sheet  (nom.  7  mm  x  15  mm)  is  not  known,  thus  it  is 
not  certain  that  all  the  samples  were  exposed  to  the  same  plasma  intensity.  Not  only  were  the  samples 
exposed  to  the  plasma,  but  also  to  the  heat  and  reaction  products  of  the  surrounding  samples,  several  of  which 
burned.  Thus,  this  experiment  is  not  meant  to  determine  the  relative  reactivity  of  the  samples,  but  rather  to 
identify  chemical  changes  in  a  variety  of  formulations  caused  by  direct,  or  indirect,  interaction  with  the  plasma. 

The  propellants  which  were  tested  include  the  following  types;  a)  M9,  containing  NC  and  NG;  b)  JA2, 
containing  NC,  NG  and  DEGDN;  c)  a  HELP  variation  containing  cellulose  acetate-butyrate  (CAB)  binder,  NC, 
RDX  and  an  energetic  plasticizer,  EP;  and  d)  energetic  thermoplastic  elastomeric  (ETPE)  binders  containing 
either  RDX  or  CL20  as  the  nitramine  solids  fill. 

Chemical  Characterization 

Plasma-treated  samples  were  analyzed  by  D-GC-MS,  reflectance  FTIR  and  XRF  spectroscopies: 

Thermal  desorption  gas  chromatography-mass  spectrometry  (D-GC-MS);  D-GC-MS  was  used  to  heat 
uniformly  prepared  propellant  samples  in  a  pyroprobe  at  175  C  for  20  sec  to  release  nitroglycerin  (NG)  and 
diethyleneglycol  dinitratrate  (DEGDN).  The  desorbed  plasticizers  are  injected  simultaneously  through  an 
interface  onto  a  GC  column  for  separation,  and  passed  through  a  mass-spectrometer  for  identification. 
Desorption  was  achieved  via  a  CDS  Model  122  Pyroprobe  (coil  type)  connected  to  a  heated  interface  chamber 
to  the  splitless  injector  of  a  Hewlett  Packard  GC-FTIR-MS  system  (Model  5890  GC  and  Model  5970  mass 
selective  detector),  as  shown  in  Figure  5.  The  pyroprobe  interface  temperature  was  175C  and  the  sample  was 
pulsed  at  175  C  for  20  seconds.  The  GC  column  was  a  J  &  W  Scientific  capillary  column  (0.25  mm  x  15  m; 
0.25  urn  DB5  film).  The  GC  injector  temperature  was  200  C.  The  oven  temperature  program  used  was  as 
follows:  50  C  isothermal  for  1  min;  70  C/min  to  250  C  for  4  min  (total  run  time  7.9  min).  This  D-GC-MS 
method  has  been  used  previously  for  quantitative  analysis  of  energetic  materials  (6). 
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Micro-Reflectance  Fourier  Transfer  Infrared  (FTIR)  Spectroscopy:  FTIR  was  used  to  obtain  spectra  of  the 
surface  (i.e.  about  top  10  microns)  of  the  propellant  samples.  The  spectrometer  used  for  all  the  IR 
measurements  was  a  Mattson  Polaris.  The  refiectance  spectra  were  obtained  using  a  Spectra-Tech 
microreflectance  attachment  and  were  run  at  4  cm'^  resolution,  with  200  scans  signai  averaged  for  background 
and  sample  spectra. 

X-Ray  Fluorescence  (XRF):  XRF  was  performed  on  the  Mylar  film  used  to  shield  the  matrix  of  propeliant 
samples,  in  order  to  determine  what  metals  are  present  in  the  plasma,  and  whether  they  penetrate  the  film. 
Spectra  were  obtained  on  a  Kevex  Deita  1  x-ray  fluorescence  spectrometer  attachment  to  a  JEOL  820  SEM 
using  Quantex  V  software. 

Results 

The  results  from  the  three  different  experiments  will  be  presented  in  the  same  order  in  which  they  were 
described  in  the  Experimental  Section. 

1.  JA2  Exposed  Through  a  Polyethylene  Tube:  In  this  experiment,  an  attempt  was  made  to  mitigate  the 
conductive,  convective  and  far-UV  components  of  the  plasma  to  which  the  JA2  sample  was  exposed,  by 
channeling  the  bulk  of  the  plasma  output  through  a  polyethylene  tube  and  locating  samples  on  the  outside,  up 
to  a  couple  of  centimeters  away  from  the  tube.  Post-testing  analysis  of  the  recovered  propellant  indicated  that 
a  subsurface  reaction  was  initiated  which  resulted  in  the  propellant  changing  from  a  green  translucent  color  to 
a  creamy  opaque  green-yellow  color.  An  SEM  analysis  of  the  reacted  propellant  showed  that  the  reaction 
extended  to  a  depth  of  approximately  1  mm  into  the  sample,  and  that  voids  within  the  sample  became  larger  at 
greater  depths  (7).  The  JA2  plasticizers,  DEGDN  and  NG,  are  known  to  be  volatile  and  are  readily  diminished 
at  temperatures  used  in  aging  studies  (up  to  75  C).  Thus,  if  heating  and  subsurface  reactions  occurred,  the 
levels  of  NG  and  DEDGN  might  easily  be  diminished. 

The  NG  and  DEGDN  levels  were  determined  by  D-GC-MS  as  a  function  of  depth  below  the  surface  which  had 
been  exposed  to  the  plasma.  For  comparison,  a  virgin  JA2  sample  was  depth  profiled  in  the  same  manner. 
The  results  are  shown  in  Figure  6.  Both  the  virgin  and  plasma-treated  samples  showed  that  the  same  level  of 
NG  was  present.  However,  the  level  of  DEGDN  in  the  treated  sample  was  reduced  about  5-10%  from  its 
original  level  in  the  virgin  samples. 

2.  JA2  in  a  Freely  Expanding  Plasma:  In  this  experiment  the  samples  were  characterized  by  reflectance 
spectroscopy,  in  order  to  determine  if  decomposition  of  the  JA2  occurred.  D-GC-MS  analysis  was  performed 
to  determine  plasticizer  levels  in  the  treated  and  virgin  samples. 

a)  direct  exposure  to  the  freely  propagating  electrical  plasma:  The  effect  of  full  plasma  exposure  was 
definitive,  and  showed  that  significant  denitration  of  the  nitrate  esters  of  JA2  occurred.  This  is  evident  from  the 
IR  spectra  shown  in  Figure  7b,  in  which  a  band  at  1740  cm"’  appears,  due  to  the  aldehyde  carbonyl  which  is 
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formed  when  nitrogen  dioxide  is  released.  The  spectrum  of  virgin  JA2  is  provided  for  comparison  (Figure  7a), 
and  shows  that  the  only  significant  bands  are  at  1650  cm'’  and  1290  cm"’,  and  are  due  to  the  asymmetric  and 
symmetric  stretching  modes  of  N-0,  respectively.  Components  which  could  be  the  source  of  the  nitrogen 
dioxide  include  NC,  DEGDN  and  NG. 

b)  shielding  of  the  grains  by  Mylar  film:  As  mentioned  above,  the  Mylar  film  diminishes  the  conductive  and 
the  convective  flows  of  the  plasma,  and  filters  UV  radiation  below  300  nm.  The  Mylar  was  very  effective  in 
mitigating  the  effect  of  the  plasma  on  the  propellant.  This  spectrum  is  virtually  identical  to  JA2,  and  is  not 
shown  here. 

c)  shielding  of  the  JA2  by  aluminum  foil:  The  aluminum  foil  allowed  the  propellant  to  be  subjected  to  the 
conductive  heat,  but  would  diminish  the  effects  of  radiation  and  convective  gas  flow.  This  sample  was  non- 
uniform,  with  a  gradient  over  the  surface  which  could  be  detected  visually.  One  end  had  the  same  color  and 
flatness  of  the  virgin  sample,  while  the  opposite  end  appeared  darkened  and  pitted,  as  did  the  directly  exposed 
sample.  The  spectra  confirmed  the  visual  assessment  (Figure  8).  The  darkened  end  gave  a  spectrum  very 
similar  to  that  found  in  Figure  7b,  showing  the  aldehyde  carbonyl  formed  from  denitration,  while  the  opposite 
end  appeared  much  like  JA2,  with  no  evidence  of  oxidation.  This  gradient  in  the  level  of  reaction  suggests  that 
plasma  effects  were  not  uniform  over  the  sample. 

The  three  samples  exposed  to  the  freely  expanding  plasma  were  analyzed  by  D-GC-MS.  The  results  are 
shown  in  Figure  9,  and  indicate  that,  within  the  error  of  the  analysis,  the  NG  and  DEGDN  levels  were  the  same 
for  the  treated  and  virgin  samples.  The  D-GC-MS  and  IR  data  indicate  that  the  plasticizer  level  is  not  affected 
by  plasma  treatment,  but  In  the  directly  exposed  and  aluminum  covered  samples,  denitration  occurs  to  some 
extent  in  NC,  NG,  and/or  DEGDN. 

3.  Propellant  Array:  This  experiment  was  done  as  a  preliminary  screening  to  explore  how  samples  might 
react,  and  to  develop  the  methodology  to  characterize  the  decomposition  products  and  reaction  mechanisms  of 
propellants  with  a  wide  variety  of  chemistries.  Conclusions  regarding  the  relative  reactivity  of  the  propeilants 
can  not  be  made  based  on  these  results  because:  a)  the  spatial  distribution  of  the  plasma  intensity  over  the 
dimensions  of  the  Plexiglas  plate  is  not  known,  and  is  currently  being  investigated  and  b)  the  samples  were 
not  run  independently,  and  were  in  close  proximity  to  one  another.  Thus,  samples  which  ignited  could  generate 
heat  and  reactive  products  which  could,  in  turn,  react  with  other  samples  in  an  uncontrolled  and  unpredictable 
manner.  Thus,  further  experiments  will  be  performed  to  determine  whether  the  reactions  observed  are  direct 
or  secondary  effects  of  the  plasma. 

Of  the  array  propellants  shown  in  Figure  4,  oniy  the  samples  directly  exposed  to  the  plasma  appeared  to  have 
reacted  or  ignited.  As  in  the  freely  expanding  plasma  experiment  described  above,  those  shielded  with  Mylar 
film  did  not  appear  to  react.  The  samples  which  burned  included:  JA2,  and  three  of  the  four  samples  which 
had  BAMO-AMMO  (BA)  as  the  binder  (two  containing  CL20  and  one  containing  RDX  and  NQ).  The  samples 
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which  partially  reacted  and  for  which  material  was  recovered  included:  RDX-BA  (without  NQ),  HELP  and  M9. 
Reflectance  I R  was  performed  on:  a)  the  partially  reacted  samples,  b)  the  Mylar  shielded  samples,  and  c) 
the  virgin  samples  for  comparison.  Chemical  changes  can  only  be  discussed  for  the  samples  which  partially 
reacted,  i.e  RDX-BA,  HELP  and  M9: 

RDX-BAMO/AMMO  without  NQ:  The  exposed  sample  appeared  deep  grey  at  one  end,  and  light  grey  at  the 
other.  The  spectra  for  dark  grey  area  differed  most  from  those  for  the  virgin  material  (Figure  10),  and  bands 
unique  to  RDX  and  BAMO-AMMO  are  readily  distinguished.  The  RDX  bands  diminish  significantly  for  the 
exposed,  dark  grey  sample,  relative  to  the  virgin  sample;  the  light  grey  RDX  bands  were  intermediate  in 
intensity  (not  shown).  Thus,  the  reflectance  data  shows  that  RDX  is  reduced  significantly,  at  least  at  the 
surface,  upon  plasma  treatment.  The  decomposition  of  AMMO  polymer  was  previously  reported  (8)  and 
showed  that  heating  to  260C  in  an  Argon  atmosphere,  virtually  eliminated  the  azide  group  (i.e.  disappearance 
of  the  IR  band  at  2100  cm"’)  through  the  loss  of  nitrogen  and  formation  of  the  imine  (R-C=NH)  group 
(appearance  of  the  1 660  cm"'  band).  Both  the  azide  and  imine  bands  are  sharp  and  are  easily  monitored;  the 
azide  is  present  in  BAMO  as  well.  The  fact  that  the  imine  is  not  obsen/ed  in  the  spectrum  of  the  treated 
sample  shows  that  under  the  conditions  of  this  experiment,  the  RDX  level  begins  to  diminish,  while  the 
BAMO-AMMO  polymer  remains  intact. 

HELP  Propellant:  The  virgin  and  Mylar-shieided  samples  appeared  yellow,  while  the  exposed  sample  was  light 
green  at  the  surface  (underneath  was  yellow).  The  spectra  of  the  unshielded  sample  was  only  slightly  different 
from  the  virgin  and  shieided  samples  (Figure  10);  band  assignments  agree  with  those  reported  previously 
using  ATR  microscopy  (9).  The  differences  are  subtle,  but  the  unshielded  sample  has  reduced  bands  at  1750 
cm"'  and  1 660  cm"’,  which  are  assigned  to  the  ester  C=0  of  CAB  and  the  nitrate  N-0  of  NC  respectively. 
(Nitrate  ester  plasticizers  were  not  present  in  the  HELP  sample.)  It  is  known  that  the  acetic  and  butyric  acids 
esters  of  CAB  diminish  under  relatively  mild  thermal  exposure.  Moreover,  the  acids  resuiting  from  CAB 
decomposition  can,  in  turn,  promote  the  decomposition  of  the  nitrate  esters,  accelerating  the  release  of 
nitrogen  oxides.  The  green  color  may  arise  from  reaction  of  the  nitrogen  dioxide  with  the  stabilizer.  The  latter 
is  present  at  a  level  too  low  to  be  detected  in  the  infrared,  but  can  be  a  very  powerful  visible  chromophore. 
Although  the  unshielded  sample  reacted  only  very  slightly,  spectroscopic  changes  were  detectable.  At  greater 
plasma  intensities  and  increased  levels  of  reaction,  IR  spectroscopy  should  be  a  valuable  monitor  of  chemical 
changes.  Moreover,  D-GC-MS  will  also  be  very  useful  to  quantify  hydrolysis  of  the  CAB  esters  and  the 
denitration  of  NC. 

M9  sample:  The  virgin  and  shielded  spectra  of  M9  look  identical  to  that  of  JA2,  the  main  features  being  the 
nitrate  esters  which  dominate  both  formulations  (JA2  containing  NC,  DEGDN  and  NG;  M9  containing  NC  and 
NG).  The  unshielded  sample  yielded  a  small  but  distinct  peak  at  1740  cm"’,  indicative  of  carbonyl  formation, 
analogous  to  that  found  in  JA2  (Figure  12).  Although  neat  DEGDN,  found  in  JA2  but  not  M9,  has  a  strong 
ether  C-O-C  band  at  1135  cm"’,  this  band  is  not  evident  in  the  propeliant  spectrum.  Thus,  for  propeliants  rich 
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in  nitrate  esters,  e.g.  single  and  double  base  formulations,  IR  spectroscopy  is  not  useful  for  quantitative 
analysis  of  the  nitrate  esters,  but  it  is  a  quick  tool  for  assessing  if  their  oxidation  has  occurred. 

For  the  samples  which  burned,  it  was  only  possible  to  compare  the  virgin  with  the  Mylar-shielded  samples,  and 
in  every  case  the  spectra  were  identical.  Future  studies  are  planned,  however,  in  which  samples  with  varying 
propellant  chemistries  will  individually  be  exposed  to  the  ETC-plasmas  at  appropriate  intensities  so  that  the 
sample  will  partially  decompose.  For  this  purpose,  the  spectra  of  the  virgin  propellants  are  of  interest  to 
determine  if  bands  are  present  which  can  serve  as  indicators  that  specific  components  are  decreased  or 
undergo  chemical  reaction  initiated  by  the  plasma.  Thus,  the  virgin  spectra  for  the  samples  that  burned  to 
completion  are  presented  below: 

a)  RDX-BAMO-AMMO  with  NQ:  The  virgin  spectrum  appeared  much  like  that  of  the  RDX  BAMO-AMMO 
sample  shown  in  Figure  1 3,  except  that  a  few  bands  due  to  NQ  are  present.  The  intensity  of  the  bands  is 
detectable,  although  not  great,  since  the  NQ  is  present  at  less  than  20  weight  percent  in  the  sample;  the  band 
at  1640  cm"'  could  be  enhanced  if  the  water  vapor  were  more  completely  purged.  The  sample  with  NQ  had  the 
coarsest  surface  of  any  virgin  material,  and  that  is  reflected  by  a  baseline  which  more  irregular  than  the  other 
propellants. 

b)  JA2  sample:  Spectra  of  a  virgin  and  denitrated  sample  of  JA2  were  shown  in  Figure  6;  the  formation  of 
the  aldehyde  can  be  readily  monitored  in  the  IR. 

c)  CL20  BAMO-AMMO  samples:  The  spectra  of  the  two  different  virgin  samples  showed  much  different 
relative  band  intensities  of  CL20  vs  the  BAMO-AMMO,  reflecting  a  difference  in  the  solids  fill  level.  Strong 
sharp  bands  for  CL20  and  BAMO-AMMO  are  evident  (Figure  14),  which  will  facilitate  monitoring  of  these 
components  in  future  plasma  propellant  interaction  studies. 

Conclusions 

Three  experiments  were  performed,  under  different  conditions,  to  begin  to  understand  the  effect  of  ETC 
plasma  on  ignition.  In  the  first  experiment,  JA2  was  exposed  to  plasma  radiation  (60  MW)  through  a 
polyethylene  tube  which  shielded  the  convective  and  conductive  effects  of  the  plasma.  The  treated  sample 
showed  evidence  of  subsurface  reaction,  and  the  level  of  DEGDN  plasticizer  was  reduced  to  15-20%  from  the 
25%  measured  for  the  virgin  material.  In  this  case,  plasma  radiation  (filtered  below  200  nm  by  polyethylene) 
appears  to  have  been  effective  altering  the  propellant  composition. 

The  second  experiment  involved  grains  of  JA2  which  were  exposed  to  a  freely  expanding  plasma  (60  MW). 
Grains  were  either  unshielded,  or  shielded  with  aluminum  foil  or  a  Mylar  film.  None  of  the  grains  had  a 
significant  change  in  plasticizer  level  after  treatment.  However,  IR  spectroscopy  of  the  surface  showed  that  for 
the  unshielded  sample,  some  denitration  of  the  nitrate  esters  (either  NC,  NG  or  DEGDN)  occurred.  The 
aluminum-shielded  sample  showed  a  gradient  of  denitration,  with  one  end  having  significant  reaction  and  the 
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other  end  having  no  reaction.  The  aluminum  foil  did  not  appear  disturbed,  and  it  is  believed  that  it  did  biock  the 
plasma  radiation.  Thus,  conduction  aiso  appears  to  be  a  factor  in  plasma  propellant  interaction.  The  Mylar 
shielded  sample  showed  no  evidence  of  denitration.  In  this  case  radiation  which  passed  through  the  Mylar  film 
was  not  sufficient  to  generate  reaction  of  the  propellant,  and  the  thermal  insulation  provided  by  the  Mylar  film 
reduced  conductive  heating. 

Although  the  power  levels  used  in  the  above  two  experiments  were  the  same,  other  important  parameters  are 
different.  Mylar  (polyethylene  terephthalate,  used  in  the  freely-expanding  plasma  experiment)  cuts  off  below 
300  nm,  whereas  polyethylene  (used  in  the  tube  experiment)  begins  to  cut  off  below  200  nm;  thus  the  two 
samples  are  not  exposed  to  the  same  spectral  distribution.  Also,  the  form  of  the  plasma  is  much  different  in 
each  case.  For  the  tube  experiment  the  plasma  is  channeled  through  a  confined  region,  whereas  in  the 
second  experiment,  the  plasma  expands  freely  into  open  air.  A  third  variable  is  that  the  sheet  JA2  sample  was 
used  in  the  polyethylene  tube  experiment,  whereas  JA2  grains  were  used  in  open  air  configuration.  Thus,  it  is 
not  possible  to  directly  correlate  the  results  of  both  experiments,  but  the  conclusion  which  can  be  drawn  is  that 
there  is  experimental  evidence  for  both  radiation  (as  evidenced  in  the  polyethylene  tube  experiment)  and 
conduction  (as  evidenced  from  the  samples  shielded  with  aluminum  foil)  as  being  important  mechanisms  in 
plasma-propellant  interaction. 

The  third  experiment  consisted  of  an  array  of  samples  exposed  directly  to  a  freely  expanding  plasma  (125 
MW).  The  intensify  of  the  plasma  impacting  each  sample  is  not  known,  so  further  work  is  needed  to  assess 
relative  reactivity  of  the  various  samples.  Samples  shielded  with  Mylar  film  all  appeared  unreacted;  IR  analysis 
of  the  surfaces  confirmed  that  no  degradation  occurred.  Samples  which  burned  included  JA2,  and  three 
samples  with  a  BAMO-AMMO  binder  (two  containing  different  CL20  levels  and  one  containing  RDX  and  NQ). 
The  three  samples  which  remained  all  showed  some  evidence  of  decomposition:  a)  reduction  of  the  nitramine 
level  in  the  RDX-NQ-BAMO/AMMO  sample;  b)  reduced  carbonyl  band  of  CAB  and  nitrate  ester  band  of  NC, 
respectively:  and  c)  denitration  of  nitrate  esters  in  M9  (analogous  to  that  described  above  for  JA2).  For  the 
samples  which  burned,  IR  spectra  were  obtained  for  the  virgin  samples,  and  bands  are  evident  which  can  be 
monitored  for  identification  and  quantifying  components  in  future  plasma-propellant  studies  under  conditions 
which  result  in  partial  decomposition. 

Future  Work 

The  results  described  in  this  paper  were  a  summary  of  several  plasma-propellant  studies  which  were  done  as 
auxiliary  parts  of  other  programs.  Future  experiments  will  have  as  a  goal,  the  understanding  of  the 
mechanisms  involved  in  plasma  propellant  interaction.  An  important  element  of  that  understanding  is 
characterization  of  the  plasma,  and  work  is  in  progress  to  measure  the  spatial  distribution  of  the  plasma  in 
terms  of  pressure,  temperature  and  spectral  content.  Metal  particles  may  be  generated  from  fuse  and  nozzle 
erosion,  and  contribute  to  the  plasma  composition;  such  effects  will  be  investigated  and  minimized.  Alternative 
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materials  will  be  used  to  pass  or  block  radiation,  such  as  quartz  or  sapphire,  rather  than  reactive  materials 
such  as  polyethylene  and  Mylar  which  might  complicate  interpretation  of  the  data. 

The  mechanisms  involved  in  plasma-propellant  interaction  can  be  expected  to  be  quite  sensitive  to  sample 
chemistry.  Future  efforts  will  focus  on  treating  a  single  sample  with  a  well-characterized  plasma.  Samples  will 
be  well  characterized  in  terms  of  their  processing  history  and  morphology,  which  can  result  in  physical 
differences  between  samples  of  even  the  same  composition.  For  example,  samples  with  solids  fill  will  be  well 
characterized  in  terms  of  final  particle  size  and  coating,  particularly  at  the  surface.  Also,  as  the  plasma  levels 
are  better  tuned  to  each  propellant  type,  more  complex  decomposition  products  may  result.  For  better 
characterization  of  the  products,  additional  analytical  methods  will  be  performed.  Gel  permeation 
chromatography  will  be  used  to  analyze  changes  in  the  length  of  polymeric  components  such  as  CAB,  NC  and 
the  ETPE  binders.  Other  FTIR  methods  will  be  investigated,  such  as  attenuated  total  reflectance  (ATR)  and 
photoacoustic  spectroscopies  (PAS).  ATR  offers  advantages  in  quantitative  analysis,  and  PAS  offers 
advantages  for  non-destructive  depth  profiling.  Moreover,  full  use  of  the  pyroprobe-GC-MS  instrumentation  for 
identification  and  quantification  of  decomposition  products  will  be  made.  Thermal  analyses  and  X-ray 
techniques  sensitive  to  organic  species  will  be  applied  as  appropriate. 
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Figure  1 .  Schematic  of  experiment  for  plasma  exposure  of  JA2  through  a  polyethylene  tube. 
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Figure  2.  UV-visible  absorbance  spectrum  of  polyethylene  tubing  and  Mylar  film;  sapphire  was  run  as  a 
reference  material. 
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Figure  3.  Schematic  of  the  experimental  setup  used  in  the  treatment  of  JA2  to  a  freely  expanding  plasma. 
*JA2  sample  was  either  unshielded,  or  shielded  with  aluminum  foil  or  a  Mylar  film. 
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Figure  4.  Arrangement  of  samples  exposed  to  plasma  in  the  propellant  array  experiment. 
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Figure  5.  Schematic  of  the  D-GC-MS  Instrumentation  used  In  the  analysis  of  NG  and  DEGDN. 
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Figure  6.  Analysis  of  plasticizers  in  virgin  and  plasma  treated  JA2. 
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Figure  7.  FTIR  microreflectance  spectrum  of  a)  virgin  JA2  and  b)  a  sample  exposed  directly  to  the  output  of 
the  freely  expanding  plasma. 


Figure  8.  FTIR  microreflectance  spectra  of  opposite  ends,  a  and  b,  of  an  aluminum-shielded  sample  of  JA2  in 
the  output  stream  of  the  freely  expanding  plasma. 


a 


Figure  9.  Analysis  of  plasticizers  in  virgin  JA2  and  the  three  samples  exposed  to  the  freely  expanding  plasma: 
1)  unshielded;  2)  Mylar  shielded  and  3)  Aluminum  foil  shielded. 


i 
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Figure  10.  FTIR  microreflectance  spectra  of  virgin  and  the  plasma  treated  RDX-BAMO/AMMO  propellants. 

HELP  Formulation 


Figure  1 1 .  FTIR  microreflectance  spectra  of  virgin  and  the  plasma-treated  HELP  propellants. 


Figure  12.  FTIR  microreflectance  spectra  of  virgin  and  unshielded  M9  sample. 
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Figure  13.  FTIR  microreflectance  spectra  of  the  virgin  RDX-NQ-BAMO/AMMO  sample. 


Figure  14.  FTiR  microreflectance  spectra  of  the  virgin  BAMO/AMMO  with  high  and  low  CL20  solids  fill. 
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ABSTRACT 

Pyrolisis  reactions,  existing  in  explosives  components  and  mixtures,  are  very  hard  to 
follow  by  experiments,  because  these  processes  are  very  fast  and  proceed  with 
increasing  pressure  and  temperature.  The  thermogravimetric  analysis  (TGA), 
differential  scanning  calorimetry  (DSC)  and  conventional  cook-off  methods,  do  not 
give  precise  and  correct  answer  to  the  problem  of  detecting  the  level  of  life  time  of 
any  chemical  explosive  or  powder,  by  the  beginning  of  its  decomposition  reaction. 
The  method,  here  presented,  is  based  in  thermogravimetric  analysis,  correlated  with  a 
simple  ignition  and  transition  to  combustion  model.  The  original  experimental  set-up, 
presented  in  a  previous  paper,  is  based  in  classical  thermogravimetry  equipment 
(TGA),  recording  the  evolution  of  sample  mass  as  a  function  of  temperature,  for 
samples  larger  enough  to  solve  heterogeneity  problems.  The  sample  is  enclosed  in  an 
open  cylindrical  container,  inside  a  glass  column,  where  the  products  of  combustion 
of  propane/air  flow.  Different  heating  levels  can  be  selected  as  a  function  of  the 
distance  from  the  propane/air  burner.  The  temperature  and  the  mass  of  the  sample  are 
continuously  measured  and  recorded  during  heating  process.  The  warming  transient 
regime  and  the  ignition  zones  are  clearly  visible  in  obtained  results,  in  range  of  800  - 
1000  K. 

The  selected  energetic  materials  are  Ammonium  Nitrate  (AN),  pentaerythritol 
tetranitrate  (PETN)  and  cyclo-l,3,5-trimethylene-2,4,6-trinitramine  (RDX),  very  well 
known  energetic  components  of  industrial  and  military  plastic  bonded  explosives. 

A  reaction  path,  final  composition  and  thermodynamic  properties  of  products,  are 
predicted  as  a  function  of  temperature  and  pressure,  for  isobar  and  isochor  adiabatic 
combustion  conditions,  using  a  thermochemical  computer  code,  named  THOR.  The 
results  are  discussed  with  theoretical  prediction  of  ignition  temperature  and  time 
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delay,  based  in  Semenov  criteria  for  one  single  partiele.  The  ignition  criteria  is  based 
on  the  changement  of  reaction  intensity,  during  heating  regime,  showing  the  start  of 
combustion  or  explosion  regime.  Experimental  results  prove  the  validity  of  this 
ignition  criteria.  Kinetics  parameters  are  based  on  Coats  and  Redfem  approach.  From 
the  selected  materials,  PETN  and  RDX  present  an  interesting  temperature  jumping 
phenomena,  after  ignition,  predicted  in  theoretical  model  and  observed  in 
experimental  results. 


EXTENDED  ABSTRACT 

1.  Introduction 

For  people  safety,  environmental  control  and  adequate  strategy  during  storage  and 
transportation  of  energetic  compounds,  is  very  important  to  know  its  thermal 
decomposition  behaviour.  The  existing  run-away  phenomena,  generating  explosions, 
are  complex.  Past  experiences  have  shown  that  there  are  neither  simple  nor  universal 
predictive  methods.  Small-scale  tests  could  be  desirable  because  all  explosion 
phenomena  start  in  a  single  or  multiple  small  flame  kernels.  Thermal  decomposition 
of  AN,  PETN  and  RDX,  in  a  silica  sand  bed,  showing  its  ignition  temperature  and 
delay  and  its  pyrolysis  behaviour,  were  already  presented  [Cardao  et  al.,  1997], 
Thermal  response  of  those  energetic  materials  were  discussed  in  such  a  way  to  relate 
thermal  behaviour,  from  the  small  scale  DSC  and  TGA  samples  (3  mg)  with  those 
obtained  from  an  intermediate  scale  experiment  with  larger  samples  (100  mg).  A 
cylindrical  brass  container,  inside  a  glass  eolumn,  where  the  combustion  products  of 
propane/air  flow,  was  used  to  heat  the  sample  up  to  its  ignition.  The  silica  sand  bed 
was  used  to  clarify  ignition  mechanism,  reducing  the  violence  of  the  decomposition 
stage  and  its  blasting  effects.  The  temperature  and  mass  of  the  sample  were 
continuously  measured.  Selected  external  temperature  range  was  800  -  1000  K  and 
obtained  results  have  been  discussed  according  to  a  simple  theoretical  model  based  in 
Semenov  ignition  criteria  [Cardao  et  al.,  1997]. 

Based  on  previous  work,  the  theoretical  model  and  discussion  of  thermal  flow  of  each 
energetic  material,  for  several  compositions,  in  order  to  determine  when  the  regime  of 
the  decomposition  reaction  is  going  to  change,  showing  its  ignition  and  explosion 
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regime,  is  now  presented  and  discussed.  The  kinetic  parameters  are  based  on  Coats 
and  Redfem,  1964,  theoretical  approach. 

2.  Selected  energetic  materials  and  thermal  characterization 

Selected  energetic  materials  are  Ammonium  Nitrate  (AN),  pentaeiythritol  tetranitrate 
(PETN)  and  cyclo-l,3,5-ttimethylene-2,4,6-trinitramine  (RDX)  used  respectively  in 
industrial  and  military  plastic  bonded  explosives. 

The  particle  range  size  of  AN  was  obtained  using  laser  diffraction  spectrometry. 
PETN,  RDX  and  inert  silica  particle  sand  sizes  were  measured  by  Coulter  Counter 
(Cardao  et  al.,  1997). 

Simultaneous  thermal  analysis  (heat  flow  DSC  and  TGA)  was  also  employed  to 
investigate  the  thermal  decomposition  of  the  selected  energetic  materials,  in  non- 
isothermal  conditions  (using  a  Rheometric  Scientific  STA  1500  equipment).  The 
nominal  heating  rate  of  10  ®C/min  (covering  the  temperature  range  from  298  K  to  623 
K)  was  employed  using  samples  size  of  3  mg  .  The  samples  were  loaded  into  open 
crucibles  and  a  dry  nitrogen  purge  flow  of  50  ml/min  at  0.1  MPa  absolute  pressure 
was  used  in  all  measurements.  A  resume  of  the  more  relevant  experimental  results 
comparatively  with  the  ones  theoretically  predicted  is  presented  in  the  following 
figure. 


Theoretical  and  experimental  results 
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Figure  1  -  Theoretical  and  experimental  results  of  ignition  temperature  of  AN,  PETN  and 

RDX  samples. 


126  -  4 


3  Experimental  equipment  and  results 

The  original  thermal  analysis  equipment  was  already  presented  [Cardao  et  al.,  1997], 
A  propane/air  burner  and  a  glass  column  make  the  experimental  apparatus.  Different 
temperature  levels  can  be  obtained  depending  on  the  distance  from  the  burner  and  in 
the  propane/air  ratio.  An  open  brass  cylinder  container,  suspended  by  a  spindle,  fixed 
in  a  digital  balance,  is  used  to  confine  the  sample.  The  temperature  and  the  mass  of 
the  sample  are  continuously  measured.  Two  thermocouples  are  placed  at  different 
levels  inside  the  sample.  A  third  thermocouple  measure  the  flow  temperature  at  the 
level  of  the  container. 

Two  independent  valves  previously  calibrated  as  a  fiinction  of  the  upstream  pressure 
controlled  the  mass  flows  of  propane  and  air.  The  glass  column  has  an  internal 
diameter  of  44  mm  and  a  thickness  of  3  mm,  for  a  length  of  68  mm,  divided  in  five 
stages.  The  external  temperature  inside  the  glass  column  at  fifth  level  was  calibrated 
for  two  propane/air  ratios,  Tg=857  K  and  Tg=959  K,  and  recorded  using  K-type 
thermocouples,  using  a  system  composed  by  two  digital  signal  acquisition  and 
analyser  system. 

In  order  to  protect  the  original  thermal  analyser  equipment,  the  energetic  particles 
were  mixed  with  silica  sand  particles,  in  a  bed,  with  total  mass  of  500  mg.  A 
calibration  of  the  bed  warming  evolution  temperature,  without  energetic  particles,  was 
performed.  Mass  fractions  of  energetic  materials  ranging,  from  5  to  20%,  were  tested 
for  each  selected  energetic  material. 

The  thermal  flow  analysis  is  presented  in  figures  2  to  4,  showing  the  thermal  flow 
regime  as  a  function  of  time,  for  different  concentrations  of  energetic  materials  in  the 
bed  (with  silica  sand  particles).  These  results  allow  to  calculate  the  mean  value  of 
observed  thermal  flow  regime  immediately  before  and  after  the  ignition  instant  (vd. 
Table  1). 
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0 

Before  “Ignition” 

After  “Ignition” 

AN 

5% 

8.7 

8.78 

10% 

8.78 

8.78 

15% 

8.78 

17.56 

20% 

5.85 

17.56 

PETN 

5% 

4.2 

52.7 

10% 

5.0 

193.2 

15% 

5.9 

216.6 

RDX 

5% 

8.78 

17.56 

10% 

4.18 

8.78 

20% 

5.85 

35.13 

Table  1-  Average  of  the  thermal  flow  before  and  after  the  “explosion”,  for  AN,  PETN 

andRDX. 


4.  Kinetics  analysis 

Several  authors  have  discussed  the  kinetic  parameters  based  on  thermogravimetric 
data.  In  the  present  text  Coats  e  Redfem,  1964,  approach  is  applied  to  the 
experimental  curves  of  temperature  and  weight  evolution. 

For  a  reaction  like  aA  (s)  ->  bB  (s)  +  cC  (g)  the  rate  of  consumption  of  reagent  A  is 
given  by: 

^  =  (1) 


with  a=(m(|-m/mo)  the  fraction  of  A  that  undergo  decomposition  during  time  t,  n  the 
reaction  Order  and  k  the  rate  constante. 

dT 

A  linear  heating  rate  allows  p  =  —  p=dT/dt  (2) 


Combining  the  last  expressions  it  can  be  obtained: 
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With  several  approaches  and  simplifications,  the  expression  becomes: 
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To  n=l  the  graphical  representation  of 


In 


-ln(l-a) 


function  of  —  gives,  if  the 


chosen  order  is  correct,  a  straight  line  with  inclination  -E/R.  This  is  true  since  in  the 


temperature  interval  chosen  the  expression 


AR[  IRT 
PEI~  E 


is  constant. 


For  each  energetic  material  the  bigger  zone  of  linearity  were  chosen.  The  kinetic 
parameters  can  then  be  obtained  through  a  linear  regression.  The  presented  results 
correspond  to  the  average  of  the  kinetic  parameters  obtained  for  the  different  tested 
compositions. 


AN 

PETN 

RDX  1 

E/Jmol' 

mEBsm 

Bwrnf'M 

■lEQElHi 

A/s"‘ 

2.38  X  10” 

1.17  X  lO” 

4.95  X  lO” 

Temperature  zone  /K 

564-620 

465  -  570 

520  -  598 

I  -  a 

0.85-0.47 

0.95  -  0.76 

0.91  -0.56 

E  /  Jmol  ‘  [DOBRATZ,  1981] 

1.96  X  10" 

l.%  X  10" 

1.97  X  10" 

A  /  s  '  [DOBRATZ,  1981] 

4.00  X  10” 

6.30  X  10” 

Z02  X  10” 

Table  2  -  Correlation  between  experimental  and  referenced  kinetic  parameters 
[DOBRATZ,  1981]  for  AN,  PETN  e  RDX  . 


5.  Discussion  and  conclusions 

A  good  agreement,  in  ignition  temperature,  was  found  between  theoretical  approaches 
and  the  experimental  results.  The  experimental  results  were  really  more  concordant 
with  the  obtained  by  DSC,  the  theoretical  results  from  Semenov  criteria  were  slightly 
above  and  the  predicted  values  using  THOR  code  were  slightly  under  the 
experimental. 

Relatively  to  the  thermal  flow,  PETN  shows  a  higher  jumping  of  the  thermal  flow 
before  and  after  the  “explosion”  reaction.  For  AN  that  difference  only  appears  for 
composition  near  20  %,  which  is  in  accordance  with  the  previous  results. 

The  strongest  thermal  reaction,  among  the  selected  energetic  materials,  was  observed 
for  PETN.  This  energetic  material  presents  a  higher  trend  for  the  “temperature 
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jumping  phenomena  This  trend  increases  with  the  increase  of  PETN  concentration 
in  silica  sand  bed.  This  temperature  Jumping  corresponds  to  a  run-away  followed  by 
fast  reaction  rate.  The  ignition  temperature  of  PETN  and  RDX  is  independent  both  of 
the  sample  mass  concentration  in  silica  send  bed  and  external  temperature.  On  the 
other  hand,  the  ignition  temperature  of  AN  has  a  tendency  for  slightly  decrease  with 
increasing  concentration  and  increasing  external  temperature. 

The  kinetic  parameters,  based  on  the  experimental  results,  appear  to  be  very 
coincident  with  the  presented  by  other  authors.  These  results  prove  the  validity  of  the 
presented  experiment  method  and  theoretical  approach. 
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ABSTRACT 

Many  activities  of  the  Canadian  Forces  such  as  firing,  demolition  procedures  and 
destruction  of  obsolete  ammunition  by  open  burning  and  open  detonation  may  lead  to  the 
dispersion  of  energetic  compounds  in  the  environment.  These  compounds  are  being  closely 
examined  due  to  their  highly  specific  physical,  chemical  and  toxicological  properties.  In 
Canada,  limited  effort  has  been  spent  to  examine  this  particular  environmental  threat.  In  this 
context,  R&D  was  dedicated  towards  the  establishment  of  a  protocol  that  allows  reliable  and 
safe  characterization  of  sites  contaminated  with  explosives.  This  protocol  is  based  on  DREV 
research  efforts  and  expertise  in  the  chemistry  of  energetic  materials,  on  the  current  existing 
literature,  on  the  experience  gained  in  practical  field  sampling  and  on  collaborative  work 
with  Biotechnology  Research  Institute  and  Cold  Regions  Research  and  Engineering 
Laboratory.  The  protocol  covers  all  aspects  related  to  surface  and  sub-surface  sampling, 
extraction,  analysis,  field  screening  methods  and  environmental  fate  related  with  these 
specific  contaminants.  Furthermore,  safety  procedures  are  described  that  take  into  account 
the  explosive  and  toxic  nature  of  these  compounds.  This  protocol  will  serve  as  a  reference 
guide  for  sampling  campaigns  on  sites  that  are  potentially  contaminated  with  explosives. 
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1.0  INTRODUCTION 

Identifying  and  developing  economical  and  effective  methods  to  eliminate 
undesirable  contaminants  from  soil  and  groundwater  is  of  increasing  environmental  interest 
and  importance,  worldwide.  The  task  is  all-the-more  critical  and  complicated  when  the 
contaminants  are  energetic  materials,  main  components  of  gun  powders,  explosives  warheads 
and  solid  rocket  propellants.  The  new  international  context  with  the  end  of  the  Cold  War 
has  resulted  in  the  closing  of  many  military  bases  and  a  growing  awareness  in  environmental 
issues.  This  awareness  has  led  many  countries  to  integrate  R&D  programs  related  to  the 
environmental  impacts  of  energetic  materials.  It  is  within  this  context  that  the  Canadian 
Research  and  Development  Branch  has  directed  some  of  its  resources  to  assess  the 
environmental  risks  associated  with  explosive  compounds. 

Many  sites  such  as  impact  areas,  training  ranges,  demolition  and  open  burning/open 
detonation  (OB/OD)  ranges  used  to  destroy  the  out-of  specification  materials  are  highly 
suspected  to  be  contaminated  by  energetic  substances  as  described  in  the  literature  (Refs.  1- 
2).  Explosive  manufacturing  sites  are  also  contaminated  with  energetic  compounds.  In  order 
to  evaluate  the  extent  of  contamination  of  DND  sites,  the  sampling  and  characterization  of 
various  types  of  ranges  have  been  performed  in  the  last  four  years.  All  standard  sampling, 
analysis  and  data  management  techniques  should  be  applied  when  characterizing  explosives 
contaminated  sites.  However,  the  overall  work  within  this  task  has  led  to  the  establishment 
of  a  specific  sampling  protocol  addressing  different  aspects  related  to  these  unique  crystalline 
organic  contaminants. 

Our  efforts  were  first  targeted  towards  the  characterization  of  secondary  explosive 
compounds  in  soil  and  groundwater,  since  they  represent  the  major  threat.  TNT  and/or  RDX 
are  major  ingredients  in  nearly  every  munition  formulation  and  are  the  secondary  explosives 
used  in  the  greatest  quantities  (Ref.  3).  Several  other  organic  chemical  explosives  have  also 
been  used  in  specific  munition  formulations,  including  2,4-dinitrotoluene  (2,4-DNT),  HMX, 
tetryl  and  trinitrobenzene  (TNB).  In  addition  to  chemicals  added  to  explosive  formulas, 
munition  residues  often  contain  other  chemicals  impurities  from  production  or  as 
environmental  transformation  by-products.  As  an  example,  military  grade  TNT  often 
contains  a  number  of  impurities,  including  2,4-DNT  and  other  isomers  of  dinitrotoluene.  In 
addition  TNT  is  prone  to  photo  and  microbial  degradation  from  which  a  variety  of 
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transformation  products  have  been  identified.  The  extraction  and  characterization  protocol 
should  include  all  these  co-contaminants  and  should  also  take  into  account  the  sensitive 
nature  of  these  molecules  toward  biotic  and  abiotic  transformations.  More  details  related  to 
the  protocol  described  in  the  present  paper  can  be  found  in  reference  4. 

2.0  SAMPLING 

Accurate  chemical  characterization  of  a  hazardous  waste  site  requires  the 
development  and  implementation  of  a  well-designed  sampling  plan.  After  defining  the  area 
of  interest,  which  might  be  an  entire  site  or  several  defined  areas  within  a  site,  samples  are 
collected  according  to  one  or  several  possible  schemes.  Distribution  of  contaminants  are 
very  site  specific,  depending  on  the  manner  in  which  the  contamination  occurred,  the 
physical  and  chemical  properties  of  the  contaminant  involved,  soil  type,  and  the  geology  and 
hydrogeology  of  the  site. 

The  particular  nature  of  explosives  as  contaminants  must  be  taken  into  consideration 
for  all  aspects  related  to  the  sampling,  preservation  and  analysis  of  soil  or  water  matrixes. 
Explosives  are  solids  at  ambient  temperature,  dissolve  slowly  and  sparingly  in  aqueous 
solution  and  have  low  vapour  pressure  (table  I).  These  properties  limit  their  mobility 
compared  to  other  organic  contaminants  such  as  fuel  or  solvents.  These  contaminants 
demonstrate  a  pattern  of  high  degree  of  heterogeneity  in  their  distribution  because  of  their 
low  solubility  and  their  crystalline  nature.  A  protocol  which  will  minimize  this 
heterogeneous  waste  distribution  must  be  implemented.  The  use  of  field  screening  methods 
is  of  high  value  since  it  will  help  in  establishing  a  sampling  pattern  and  in  reducing 
laboratory  analytical  costs.  The  sampling  of  soil  and  groundwater  and  preservation  of  these 
samples  must  also  take  into  account  the  particular  nature  of  these  contaminants. 

2.1  Soil  Sampling 

A  minimum  of  500  g  of  soil  must  be  sampled  for  each  discrete  or  composite  sample. 
Explosives  are  not  volatile  compounds  (see  table  I)  and  therefore,  no  specific  precautions 
such  as  the  use  of  sealed  containers  have  to  be  taken.  The  containers  that  are  recommended 
for  use  are  1  litre  amber  glass  bottles  with  a  polypropylene  or  black  phenolic  baked 
polypropylene  cap. 
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2.2  Spatial  Heterogeneity 

Several  papers  have  been  published  by  CRREL  scientists  on  short  range  spatial 
heterogeneity  of  explosive  concentrations  in  surface  soils  (Refs.  5-7).  A  collaborative  study 
between  CRREL  and  DREV  has  also  led  to  the  study  of  spatial  heterogeneity  at  an  HMX 
contaminated  site  (Refs.  8-10).  Overall  we  found  that  sampling  error  greatly  exceeds 
analytical  error,  and  that  the  homogenization  and  compositing  approach  minimizes  the 
sampling  error.  Thus,  a  characterization  campaign  of  an  explosives  contaminated  sites 
should  involve  the  collection  of  composite  samples  using  the  sampling  pattern  previously 
described  (Ref.  4),  or  a  composite  sampling  pattern  which  will  lead  to  the  collection  of 
representative  samples. 

2.3  Groundwater  Sampling 

Sampling  the  groundwater  plume  of  a  potentially  contaminated  site  is  often  the  best 
way  to  monitor  the  environmental  impact.  Operational  ranges  are  often  very  large  areas  for 
which  systematic  griding  and  soil  characterization  can  result  in  large  expenditures.  Thus,  a 
sampling  plan  involving  groundwater  can  minimize  the  associated  sampling  and  analytical 
costs.  If  contamination  is  not  found  in  detectable  levels  neither  in  the  groundwater  on-site, 
down  and  up-gradient  of  the  site,  it  means  that  the  potential  contamination  does  not  leach 
from  the  site  and  does  not  represent  a  threat  to  the  watertable.  If  contamination  is  found  in 
the  groundwater,  a  more  detailed  sampling  plan  for  the  soil  must  be  undertaken.  However, 
depending  of  the  future  use  of  the  site,  surface  soil  contamination  can  represent  a  threat  and 
might  have  to  be  evaluated.  A  detailed  protocol  for  sampling  explosive  contaminated 
groundwater  was  developed  as  part  of  a  natural  attenuation  study  conducted  in  the  US  by 
Waterways  Experiment  Station  (Ref.  1 1).  All  details  related  to  well  water  sampling  can  be 
found  in  references  4  or  11. 

2.4  Field  Screening  Methods 

Field  analytical  chemistry  is  a  growing  area  of  chemical  analysis  in  which  the 
analytical  measurement  is  accomplished  at  the  site.  Traditionally,  analysis  has  been 
accomplished  by  collecting  a  sample  from  a  site,  transporting  the  sample  to  an  analytical 
laboratory  and,  finally  storing  the  sample  until  laboratory  testing.  This  delay  in  data 
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availability  delays  decisions  about  the  sampling  site.  Some  decisions,  such  as  those 
concerning  human  safety  and  product  liability,  are  desired  in  real  time.  This  is  particularly 
true  when  explosives  are  the  targeted  contaminants.  In  addition  to  time  saving  and  increased 
safety,  the  use  of  on-site  methods  can  significantly  reduce  analytical  costs.  The  site  can  be 
mapped  with  respect  to  analyte  concentrations,  decreasing  the  total  number  of  samples 
required  to  characterize  a  site.  For  explosives,  the  cost  of  on-site  analysis  is  much  lower  than 
laboratory  analysis  and  this  approach  eliminates  the  need  for  transportation  and  storage.  Two 
field  methods  designed  for  explosive  compounds  are  currently  available.  Both  methods  were 
tested  by  DREV  and  CRREL  under  many  different  conditions  and  strong  and  weak  points 
of  both  methods  have  been  methodically  assessed.  These  methods  can  be  used  to  pre-screen 
the  extent  of  contamination,  ensure  human  safety,  provide  accurate  and  reliable  results  and 
reduce  the  total  analytical  costs.  These  methods  are  based  either  on  colorimetric  or  on 
enzyme  immunoassays.  All  details  related  to  the  use  of  these  two  methods  are  covered  in 
reference  4. 

2.5  Sample  Preservation 

The  maximum  holding  time  (MHT)  for  soil  and  water  samples  are  critical  to 
determine  shipping  and  storage  requirements.  These  factors  are  important  in  order  to  obtain 
reliable  analytical  results  from  field  sampling.  Table  n  presents  the  MHTs  for  soils  and 
groundwater  samples  which  have  been  determined  based  on  references  12-14. 

2.6  Other  Co-Contaminants 


When  sampling  an  explosive  contaminated  site,  parameters  other  than  explosive 
compounds  might  be  of  interest.  Activities  which  might  have  led  to  the  contamination  of 
soil  and  groundwater  by  explosives  might  also  have  led  to  the  dispersion  of  other 
contaminants  in  the  environment.  The  most  probable  one  is  contamination  by  metals,  since 
they  are  either  part  of  the  ammunition  casing,  the  ignition  system  or  the  target.  Screening 
for  metals  and  heavy  metals  should  be  conducted  simultaneously  at  ranges  where  metallic 
shrapnel  is  generated  and  spread  on  the  ground.  Mercury  should  also  be  investigated  where 
munitions  fired  at  the  ranges  include  this  chemical.  Also,  some  activities  such  as  the  open 
burning  of  obsolete  ammunitions  may  lead  to  the  accumulation  of  polycyclic  aromatic 
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hydrocarbons  in  the  environment  and  they  should  be  monitored  when  their  presence  is 
suspected. 


3.0  EXTRACTION  AND  ANAT.YSTS 

At  present,  the  established  extraction/analysis  method  is  the  EPA  SW846  Method 
8330  (Ref.  12).  Briefly,  it  uses  solvent  extraction  by  sonication  for  soils,  salting-out  pre¬ 
concentration  for  groundwater  followed  by  an  isocratic  HPLC  separation  and  UV  detection. 
Detection  limits  for  15  individual  compounds  (HMX,  RDX,  TNB,  DNB,  tetryl,  NB,  TNT, 
2-ADNT,  4-ADNT,  2,6-DNT,  2,4-DNT,  3,5-dinitroaniline,  and  the  three  isomers  of  NT)  are 
all  less  than  1  pg/g.  Analytical  explosive  standards  for  method  EPA  8330  are  available  from 
AccuStandard®  and  other  commercial  sources. 

3.1  Soil  Preparation 

A  soil  preparation  method  was  developed  in  order  to  improve  the  availability  and  to 
minimize  the  heterogeneity  problem  of  nitroaromatic  and  nitramine  residues  in  soil.  Soil 
samples  (-SOOg)  are  air-dried  to  a  constant  weight  at  room  temperature.  The  air-drying 
process  should  be  done  away  from  sunlight.  The  sample  is  then  saturated  with  lab-grade 
acetone  to  minimize  its  heterogeneity  and  to  optimize  the  availability  of  the  contaminants. 
The  soil  is  ground  with  a  mortar  and  the  soil/acetone  slurry  is  thoroughly  mixed.  The  sample 
with  acetone  is  air-dried  again  until  no  traces  of  acetone  are  detectable  (24  hours).  The  soil 
is  then  grounded  to  pass  a  25-30  mesh  sieve  and  then  extracted. 

3.2.  Acetone  Extraction 

Another  possible  extraction  method  is  the  direct  extraction  by  shaking  the  soil  sample 
in  acetone.  Dried  soil  (20g)  is  placed  in  an  extraction  bottle  with  100  ml  of  acetone  and 
shaken  vigorously  for  30  minutes  by  vortex.  This  extraction  procedure  was  recently 
compared  with  EPA  sonication  (Ref,  8-9)  and  proved  to  be  equally  effective  at  extracting 
explosive  compounds.  Acetone  extracts  can  also  be  injected  directly  for  HPLCAJV  analysis. 
The  limitation  is  the  fact  that  acetone  absorbs  in  the  UV,  and  the  separation  used  needs  to 
take  this  into  account.  LC-CN  columns  can  be  used  for  acetone  extracts  but  it  is  not 
appropriate  for  all  applications. 
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3.3  Groundwater  Extraction 


Aqueous  samples  require  an  initial  pre-concentration  step  before  analysis  in  order  to 
enable  measurements  in  the  low  parts-per-billions  (pg/L)  range.  This  preconcentration  step 
can  be  performed  by  using  a  salting-out  method  or  by  a  solid  phase  extraction  (SPE) 
method.  In  the  past,  EPA  salting  out  method  has  been  the  predominant  method  to 
preconcentrate  contaminants.  Today,  many  laboratories  are  also  employing  the  SPE 
technique  due  to  many  advantages  brought  per  this  technique.  Solid  phase  cartridge 
extraction  has  been  recently  studied  as  an  alternative  pre-concentration  method  for 
explosives  in  water  (Ref.  15).  Prepacked  cartridges  of  Porapak  RDX  Sep-Pak,  6cc,  500mg 
(Waters  Corporation)  can  be  used  and  will  maximize  the  efficiency  of  pre-concentration. 

4.0  ENVIRONMENT  AT,  FATE  OF  EXPLOSIVES 

Explosives  are  organic,  crystalline  compounds  and  have  low  vapour  pressure  and 
low  water  solubility.  Their  crystalline  properties  result  in  heterogeneous  dispersion  in  the 
soil  matrix.  Explosives  behave  differently  from  each  other,  depending  on  the  water  solubility 
and  structure.  TNT  is  more  soluble  in  water  than  RDX  which  in  turn  is  more  soluble  than 
HMX.  Also,  TNT  dissolves  more  rapidly  compared  to  RDX  and  HMX,  which  dissolves 
slowest.  TNT  has  a  tendency  to  degrade  by  photolysis  while  RDX  and  HMX  do  not.  In 
addition,  TNT  can  degrade  into  at  least  21  metabolites,  which  possess  their  own  solubilities 
and  toxicities.  Some  of  these  metabolites  can  be  stabilized  by  the  formation  of  amides  with 
organic  content  of  the  soil.  Moreover,  sorption  mechanisms  with  soils  containing  clays  are 
stronger  with  TNT  and  its  metabolites  than  for  RDX  and  HMX  (Ref.  16).  Therefore,  a  soil 
multi  contaminated  by  these  three  explosives  would  lead  to  a  complex  situation  and  as  a 
result,  RDX  would  leach  out  faster  than  TNT  which  would  leach  out  faster  than  HMX. 
Relative  environmental  fate  of  explosives  must  be  taken  into  account  when  sampling 
explosives  contaminated  sites. 


5.0  SAFETY  PROCEDURES 

High  explosives  have  specific  chemical,  physical  and  toxicological  properties.  Their 
explosive  characteristics  must  be  carefully  integrated  in  the  risk  analysis  and  safety  protocol. 
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They  can  lead  to  either  reactions  of:  detonation,  deflagration  or  burning  under  various  stimuli 
such  as  heat,  shock,  friction  and  electrostatic  charge.  Thus,  specific  safety  procedures  have 
been  developed  for  sampling  at  explosive-contaminated  site.  Their  toxicological 
characteristics  also  have  to  be  considered  to  ensure  proper  safety  of  the  sampling  team.  A 
final  consideration  is  the  potential  presence  of  unexploded  ordnance.  This  represents  a 
unique  and  important  risk  which  has  to  be  understood  and  properly  managed. 

5.1  Explosive  Nature  of  Contaminants 

Safety  precautions  must  be  taken  at  sites  contaminated  with  explosive  wastes.  The 
United  States  has  been  involved  in  sampling  and  treating  explosive  wastes  for  many  years. 
They  have  developed  safety  protocols  and  handling  procedures  for  sites  potentially 
contaminated.  They  determined  that  soils  containing  more  than  12  percent  secondary 
explosive  by  weight  are  susceptible  to  initiation  and  propagation.  As  a  conservative  limit, 
it  is  suggested  that  a  soil  containing  more  than  10  percent  secondary  explosives  by  weight 
(100,000  mg/Kg)  has  to  be  considered  as  explosive  and  a  number  of  safety  precautions  have 
to  be  implemented  during  sampling  and  treatment  (Ref.  1). 

When  a  site  is  suspected  of  being  contaminated  with  high  levels  of  explosives,  a 
preliminary  sampling  of  the  worst  contaminated  area  should  be  carried  out.  Only  surface  soil 
samples  should  be  taken  and  no  drilling  should  take  place.  Representative  composite 
samples  of  the  worst  area  should  be  built  and  analysed.  This  is  a  good  example  of  where  the 
field  methods  may  be  applied.  In  the  case  where  levels  higher  than  10%  by  weight  are 
encountered,  safety  precautions  will  have  to  be  implemented.  The  most  important  safety 
precaution  is  to  minimize  exposure,  by  reducing  the  number  of  workers  exposed  to  the 
hazardous  situation.  To  reduce  the  hazard  at  explosives  wastes  sites,  physical  activities 
should  be  carried  out  on  materials  that  have  been  diluted  to  a  wet  slurry.  If  needed,  water 
should  be  added  to  the  soil  to  achieve  the  desired  moisture  content.  Another  safety  precaution 
is  the  use  of  non  sparking  tools,  conductive  and  grounded  plastics  and  no  screw  tops,  which 
have  been  developed  for  manufacturing  explosives.  If  an  operation  involving  mechanical 
shovelling  is  needed,  remotely  controlled  operations  would  offer  the  best  protection.  When 
this  is  not  possible,  armoured  safety  glasses  must  be  installed  in  the  operator  compartment. 
Drilling  operations  should  only  be  permitted  after  removing  the  soil  layer  that  is 
contaminated  above  the  safety  level.  Equipment  used  in  treatment  must  have  sealed  bearings 
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and  shielded  electrical  junction  boxes.  The  equipment  must  also  be  decontaminated 
frequently  to  prevent  the  build-up  of  explosive  dust. 

5.2  Toxicity  Associated  with  Explosives 

In  addition  to  the  explosivity  associated  with  energetic  compounds,  some 
toxicological  aspects  must  be  taken  into  consideration.  Secondary  explosives  are  considered 
carcinogenic  and  mutagenic.  Human  health  toxicity  of  explosive  chemicals  has  been  studied 
extensively  by  the  U.S.  Army  Biomedical  Research  and  Development  Laboratory  and  a 
summary  of  these  investigations  has  been  published  (Refs.  17,18).  No  general 
recommendations  have  been  issued  for  explosive  contaminant  levels  in  soils.  In  the  United 
States,  threshold  levels  in  soils  are  evaluated  on  a  site  by  site  basis,  depending  on  factors 
such  as  the  proximity  of  the  contaminated  soils  to  other  locations  and  the  use  of  surrounding 
groundwater. 

Generic  criteria  for  soils  and  groundwater  were  calculated  by  Daniels  and 
Knezowitch  in  1994  (Ref.  19).  The  same  human  health  based  criteria  were  calculated  using 
a  Canadian  model  1997  (Ref.  20).The  latest  threshold  criteria  are  very  severe  and  do  take 
into  account  all  possible  intakes  of  these  compounds  by  humans.  Many  exposure  pathways 
considered  in  the  calculation  of  the  criteria  are  not  encountered  in  real  site  situations  and 
therefore,  the  levels  recommended  are  probably  too  severe.  The  evaluation  of  site  by  site 
threshold  criteria  as  it  is  done  in  the  U.S.  appears  to  be  the  best  choice  to  obtain  threshold 
criteria  that  are  realistic  and  will  still  protect  human  health.  This  can  be  achieved  by  a 
detailed  site  risk  assessment  which  considers  all  possible  exposure  pathways  relative  to  the 
site. 


Explosive  compounds  are  not  volatile  with  the  exception  of  nitroglycerine  (NG). 
Therefore,  no  specific  precautions  have  to  be  taken  to  prevent  the  inhalation  of  explosive 
vapour.  If  NG  is  a  possible  contaminant,  an  organic  vapour  protective  respiratory  mask 
should  be  worn  at  all  times  during  sampling  and  manipulation  of  these  soils  or  water 
samples.  For  other  explosives,  this  protective  equipment  is  not  needed.  However,  explosive 
crystals  dispersed  in  the  soil  might  be  carried  away  with  soil  dust,  and  a  dust  mask  must  be 
worn  by  the  sampling  team  when  dry  sandy  or  clay  type  soils  are  encountered.  Protective 
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clothing,  gloves  and  glasses  should  be  worn  in  all  situations  to  avoid  dermal  contacts  with 
the  contaminated  media. 

5.3  Unexploded  Ordnance  Clearance 

In  many  contaminated  sites  such  as  firing  ranges,  there  is  a  high  probability  of 
contamination  by  unexploded  ordnance.  These  dispersed  duds  are  often  still  fused  and 
armed  and  represent  a  high  risk  level  when  carrying  out  site  investigation.  Specially  trained 
military  personnel  such  as  an  ammunition  specialist,  field  engineer  or  specialist  contractors 
have  the  required  expertise  to  take  care  of  this  situation.  They  can  perform  clearance  of  the 
contaminated  site  at  three  different  levels  of  safety:  Level  one  clearance:  consisting  of 
identifying  only  surface  duds  by  visual  observation  of  the  site.  Level  two  clearance: 
Consisting  of  clearing  a  layer  of  soil  of  30-45  cm  depth  from  duds  with  the  help  of  a 
magnetic  detector.  Level  three  clearance:  Consisting  of  completely  cleaning  the  area  of  the 
site  to  any  depth  until  nothing  is  detected. 

Ideally,  a  level  three  clearance  of  a  contaminated  area  should  be  performed  before  a 
soil  characterization  program  or  remedial  action  plan  is  undertaken.  However,  this  operation 
might  be  economically  or  physically  unfeasible  and  level  one  or  two  clearance  may  still 
provide  a  safe  working  environment.  In  addition,  level  3  clearance  disturbs  the  soil  profile 
and  it  is  impossible  afterward  to  characterize  depth  distribution  of  explosives.  No  drilling 
operations  should  be  conducted  until  a  level  three  clearance  has  been  done,  or  remotely- 
controlled  drilling  could  be  conducted.  Cautious  surface  sampling  can  still  be  accomplished 
after  one  or  two  level  clearance  operations  but  an  ammunition  specialist  or  a  field  engineer 
must  be  present  at  all  times  during  the  sampling  operation  in  order  to  ensure  that  proper 
procedures  are  followed.  When  shovelling  or  implanting  grids  on  the  site,  the  verification 
by  a  specialist  of  the  absence  of  metallic  debris  underneath  the  surface  soil  must  be  done 
with  the  help  of  a  portable  metal  detector.  In  conclusion,  the  characterization  of  these 
unexploded  ordnance  contaminated  sites  can  still  be  carried  out,  with  the  active  participation 
of  ammunition  specialists  that  will  ensure  the  safety  of  workers. 
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6.0  CONCLUSION 

The  ultimate  goal  of  site  characterization  is  to  provide  effective  and  sufficient 
information  to  assess  the  environmental  risks  and  to  allow  a  decision  making  process  about 
development  of  an  optimal  remediation  plan.  Explosives  are  just  now  gaining  recognition 
as  possible  sources  of  soil  or  groundwater  contamination  and  specific  actions  for  effective 
and  safe  characterization  of  explosive  contaminated  sites  have  to  be  taken. 

The  best  approach  to  assess  the  environmental  impacts  of  sites  contaminated  with 
explosives  is  to  begin  with  a  hydrogeological  characterization  of  the  site.  The  screening  of 
groundwater  up  and  down  gradient  of  the  site  will  provide  the  first  indication  of  whether  or 
not  there  is  an  environmental  impact.  The  first  step  is  to  evaluate  the  potential  of  finding 
unexploded  ordnance  on  the  range  and  if  yes,  no  well  should  be  drilled  on  the  range  without 
proper  clearance  and  specific  precautions  (level  3  clearance).  This  groundwater  sampling 
will  indicate  if  leaching  of  explosive  and  explosive  metabolites  have  contaminated  the 
watertable.  At  the  same  time,  random  composite  soil  samples  may  be  taken  to  get 
preliminary  results.  If  an  environmental  impact  is  detected  and  traces  of  explosives  are  also 
detected  in  the  groundwater  samples,  a  more  detailed  soil  sampling  plan  must  be 
implemented.  The  soil  characterization  should  then  follow  the  procedures  recommended  to 
minimize  the  large  heterogenous  pattern  demonstrated  by  explosives.  Subsurface  sampling 
on  the  range  should  be  conducted  when  possible. 

Field  screening  methods  should  be  used  in  many  situations  in  order  to  decrease  the 
risk  and  cost  associated  with  sampling.  The  most  useful  application  of  field  screening 
methods  are:  1)  Establishment  of  safety  levels  for  the  manipulation  of  highly  potentially 
contaminated  samples  in  relation  with  the  10%  threshold  safety  limit.  2)  Screening  of  soil 
or  water  samples  for  the  absence/presence  of  explosive  compounds  to  discriminate  samples 
that  will  or  will  not  be  sent  to  the  laboratory  for  HPLC  analysis.  3)  For  the  establishment  of 
the  most  effective  sampling  plan  to  delineate  the  area  and  depth  of  contamination  for  both 
soil  and  groundwater.  4)  For  the  safe  disposal  of  pumped  groundwater. 

The  collection,  conservation  and  treatment  of  samples  should  follow  the 
recommendations  detailed  in  section  2,  The  extraction  and  analysis  with  the  HPLC 
laboratory  method  should  be  carried  out  following  recommendations  provided  in  section  3. 
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Soils  should  be  extracted  by  the  standard  sonication  method  while  water  extraction  should 
be  done  using  the  salting-out  or  the  SPE.  All  aspects  related  to  the  environmental  fate  and 
soil/explosive  interactions  as  described  in  section  4  should  be  integrated  in  the  sampling 
strategy.  Finally,  the  specific  chemical  and  physical  properties  of  explosive  must  be  taken 
into  consideration  and  safety  precautions  outlined  in  section  5  should  be  carefully  followed. 
Certain  military  activities  may  lead  to  the  accumulation  of  explosives  in  the  environment 
which  represent  a  threat  to  human  health  and  to  the  surrounding  environment.  Thus, 
screening  of  potentially  contaminated  ranges  should  be  conducted. 

The  goal  of  this  characterization  work  is  not  to  stop  any  operational  activities.  It 
should  be  conducted  to  assess  the  environmental  impacts  of  these  activities  so  that  proper 
remedial  action  and  safety  precautions  could  be  taken  when  operating  at  ranges. 
Recommendations  could  be  drafted  in  order  to  pursue  these  activities  while  minimizing  their 
environmental  impacts.  In  conclusion,  the  protocol  described  in  the  present  paper  will  help 
the  Canadian  Forces  to  pursue  its  activities  in  an  environmentally  responsible  manner. 
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Tahlft  T 

Physical  and  Chemical  Properties  of  Nitroaromatics  and  Nitramines. 


Analyte 

Molecular 

Weight . 

Melting 

Pt 

'(-C) 

Boiling  Pt  ’  ,  - 

rc)  -  ■ 

Water  ^ ^ 

Solubility  ’ 

Cmg/L)* 

Vapour 

Pressure 

■It  20'tMi>ri 

TNT 

227.13 

80.1-81.6 

240  (explodes) 

130  @20“ 

1.1  X  10‘ 

RDX 

222.26 

204.1 

(decomposes) 

42  @  20“ 

4.2  X  10’ 

HMX 

296.16 

276-280 

TNB 

213.11 

122.5 

315 

34  @  20“ 

2.2X  lO  '’ 

DNB 

168.11 

89.6 

300-303 

460  @  15“ 

3.9  X  10’ 

Tetryl 

287.14 

129.5 

(decomposes) 

80 

5.7  X  10  ’  @ 

25 

2,4-DNT 

182.15 

70 

300  (decomposes) 

270  @  22“ 

2.2  X  lO  ’  @ 

25“ 

2,6-DNT 

182.15 

64-66 

206  @  25“ 

5.67  X  10"' 

2-A-DNT 

197.17 

176 

2800 

4X  10’ 

IHiRfflil 

197.17 

171 

2800 

2X  10’ 

Table  IT 

Maximum  Holding  Time  fMHTI  for  Nitroaromatics  and  Nitramines, 


,  MHT  ' 

t  MHT 

"■  j^[HT 

Target  analyte- 

Water  '  % 

^  Walter  ‘ 

-  ,  ] 

>'  ',,*,"Soir 

.,.r. 

t4‘’C) 

(-20°cy 

Nitroaromatics 

6  months 

8  weeks 

Nitramines 

6  months 

8  weeks 

6  months 

(Stabilized  with  NaHS04,  l.5g/L) 
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Abstract 

The  manometric  method  combined  with  chromatography  and  chromato- 
mass  spectrometry  was  used  for  detailed  analysis  of  kinetics  and  products  of 
thermal  decomposition  for  the  homological  series  of  primary  nitramines  in  the 
melted  state  with  general  formula  R-NHNO^,  where  R  =  Me,  Et,  n-Pr,  n-Bu,  i- 
Bu,  t-Bu,  O^NHNiCH^),,  NC(CH,\,  O^NHNCH,,  O^NHNCHJ^{NOi)CH^^  with 
the  objective  to  find  how  nitramines’  structure  influences  decomposition  rate. 
Arrhenius’  equation  parameters  vary  in  the  following  limits:  £„=106.3-129.9 
kJ-mol  ’,  /g/l=9.55-12.72.  A  linear  correlation,  found  between  the  decomposi¬ 
tion  rate  constant  logarithm  and  nitramines’  pKa,  indicates  nitramines’  primary 
ionization  under  thermal  decomposition.  The  proposed  mechanism  of  thermal 
decomposition  is  based  on  ionization  and  the  following  decomposition  of  a 
nitramine’s  molecule,  protonated  by  aminonitrogen. 
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Introduction 

The  application  of  primary  nitramines  as  energy-supplying  compounds  is  re¬ 
stricted  because  of  their  relatively  low  thermal  stability.  The  earlier  research,  con¬ 
ducted  by  various  authors,  shed  no  light  on  how  primary  nitramines’  thermal  sta¬ 
bility  depends  on  their  structure  [1].  The  systematic  studies  of  aliphatic  primary 
nitramines,  conducted  by  us  during  the  last  several  years,  made  it  possible  to  de¬ 
termine  the  decomposition  mechanism  for  nitramines  in  condensed  state  and  also 
allowed  to  understand  how  nitramines  thermal  stability  depends  on  their  structure. 
Present  article  summarizes  the  results  of  studies  on  thermal  decomposition  kinetics 
and  decomposition  products  for  the  homological  series  of  primary  nitramines  in  the 
melted  state  with  general  formula  R-NHNOi,  where  R  =  Me  (I),  Et  (II),  n-Pr  (III), 
n-Bu  (IV),  i-Bu  (V),  t-Bu  (VI),  O^NHNiCH^),  (VII),  NC{,CH^\  (VIII),  O^NHNCH^ 
(IX),  0:,NHNCHJ^{N02)CH^  (X). 
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Experimental  Results  and  Discussion 

We  used  manometric  method  (Bourdon-type  compensation  manometer) 
combined  with  chromatography  and  chromato-mass  spectrometry.  Thermal  de¬ 
composition  of  nitramines  (I-X)  is  described  by  the  first-order  equation  of  reaction 
in  the  temperature  range  of  120-180°C.  The  thermal  decomposition  rate  constant 
depends  neither  on  the  size  of  reactionary  vessel’s  surface  area  nor  on  the  ratio  of 
substance’s  mass  to  the  volume  of  reaction.  This  proves  reaction  is  homogeneous. 
Table  1  lists  Arrhenius  parameters  for  compounds  (I-X).  These  parameters  are 
smaller  than  those  observed  during  radical  decomposition  on  N-NO2  bond  for  pri- 
maiy  nitramines  in  the  gas  phase  [2]. 


Table  1.  Arrhenius  Parameters  for  Thermal  Decomposition  of  Primary 
Nitramines  in  the  Melted  State  with  General  Formula  R-NHNO2  (I-X) 


Substitute  R 

0 

0 

E„,  kJ-mol  ' 

IgA 

A:,5o-10’,  s'’ 

PKa 

I 

Me 

120-170 

106.3 

9.55 

26.9 

6.23 

II 

Et 

130-170 

111.8 

10.19 

24.8 

6.30 

III 

Pr 

120-170 

111.4 

10.15 

25.2 

6.35 

IV 

Bu 

130-180 

109.3 

9.87 

24.3 

6.43 

V 

i-Bu 

140-180 

116.0 

10.66 

22.4 

6.50 

VI 

t-Bu 

130-170 

117.2 

10.78 

20.4 

6.59 

VII 

O-^NHdCH^), 

120-160 

116.4 

11.18 

66.3 

5.59 

VIII 

NCCH2CH2 

140-180 

119.7 

11.43 

44.7 

5.27 

IX 

O2NNHCH2 

110-150 

i  128.9 

12.72 

61.4 

5.00 

X 

0,NNHCHMNO,)CH, 

150-160 

127.7 

12.42 

45.4 

3.80 

The  kinetic  compensation  effect  shows  in  the  series  (I-X)  (Fig.l).  This  is 
characteristic  for  catalytic  reactions. 


128  -  4 


IgA 


Figure  1.  Plot  of  all  Arrhenius  parameters  for  primary  nitramines’  (I-X)  thermal 
decomposition  showing  that  a  kinetic  compensation  effect  exists. 

Lg  A  ^  (0.14  ±  0.0 1)^^-  (5.53  ±  0.05)  (1) 

r=0.993;Sy=0.14;n=10 


Almost  all  nitrogen,  contained  in  (I-X),  goes  out  as  N2O  as  a  result  of  ther¬ 
mal  decomposition.  Some  NO  (12-14%)  is  contained  in  the  thermal  decomposition 
products  in  case  of  (X).  The  corresponding  alcohols  are  found  in  the  condensed 
residue  after  decomposition  of  nitramines  (I- VII).  Thus,  for  instance,  butanol- 1 
(46%)  and  butanol-2  (37%)  are  the  main  products  of  decomposition  for  (IV)  at 
170°C  and  conversion  of  97%  [3].  The  main  products  of  decomposition  for  nitra¬ 
mines  (IX)  and  (X),  except  for  N2O,  are  formaldehyde  and  water,  while  for  (VIII) 
these  products  are  acrylonitrile,  acrylic  acid,  water  and  molecular  nitrogen.  Gener¬ 
ally,  the  observed  decomposition  products  differ  only  slightly  from  products  found 
earlier  for  decomposition  in  aqueous  acid  medium  [4]. 
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Therefore,  results  obtained  are  treated  within  the  scheme  of  the  acid  catalysis 
mechanism  in  which  autoprotolysis  of  a  nitramine  is  followed  by  the  nitramine’s 
fast  decomposition  on  N2O  and  alcohol. 


RNHNO2+RNHNO2  -  ^  RNH2NO2+  [RA/A/Oaf 

RNH2NO2  - ►R^+A/HaA/Oa 

NH2NO2 - H2O+N2O 

R^+HiO - ►ROH  +  W® 


(2) 

(3) 

(4) 

(5) 


Reaction  (2)  plays  a  decisive  role  in  the  mechanism  (2)-(5).  This  is  proved, 
in  particular,  by  the  relationship  between  the  decomposition  rate  constant  loga¬ 
rithm  and  nitramines  pKa  found  in  experiment  (Fig.2).  Opposite  to  the  results  ob¬ 
tained  for  primary  nitramines  decomposition  in  the  aqueous  acid  medium  [4],  the 
rate  of  decomposition  in  the  melted  state  goes  up  with  the  increase  in  electron- 
acceptor  properties  for  the  substituent  R. 


IgKU 


Figure  2.  Dependence  of  the  thermal  decomposition  rate  constant  logarithm  on 
pKa  value  for  primary  nitramines  (I-X)  in  the  melted  state. 
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^g^i5o->c  =  -(0-31±0.05);7i^a-(1.62±0.03)  (6) 

r=0.928;  Sy=0.08;  n=9 

The  best  correlation  is  found  for  alkylmononitramines  (I- VI)  [5].  Although 
nitramines  (VII-IX)  have  a  slightly  worse  correlation  coefficient,  the  general  trend 
still  remains.  Note,  that  data  for  compound  (X)  were  not  used  in  these  calculations. 

Reaction  (2)-(5)  is  thought  to  proceed  in  a  cell  in  a  weakly  salvationed  ionic 
pair.  The  logic  is  that  dissociation  into  ions  does  not  occur  after  ionization  (2)  be¬ 
cause  of  the  medium’s  low  dielectric  coefficient  which  is  lower  than  that  of  water. 
Not  only  structure  of  the  forming  carbcation  influences  the  decomposition  products 
composition  for  (I-X)  but  the  reactionary  ability  of  nitramine’s  anion  does  so  too. 
Although  anion  is  ambident  and  carbcation  alkylation  proceeds  both  on  amino-type 
and  on  nitrogroup’s  oxygen,  the  latter  appears  to  be  the  preferable  direction  for  the 
reaction  imder  those  conditions.  The  forming  0-alkyl  ethers  are  unstable  and 
break  up  into  fi'ee  radicals.  Reaction  between  these  radicals  explains  formation  of 
some  propionic  aldehyde  and  tetrahydrofuran  (8.4%),  for  example,  in  case  of  de¬ 
composition  of  (IV)  [3]. 

The  anion’s  reactionary  ability  in  reaction  of  oxidation-reduction  increases 
as  the  experiment’s  temperature  goes  up.  At  relatively  low  temperatures  (below 
100°C),  the  proportion  of  V-alkylation  reactions  increases  and,  accordingly,  secon¬ 
dary  nitramines  show  up  in  decomposition  products. 

R®+  [R/V/VOaf  - ►  R2N-NO2  (7) 

Therefore,  the  process  of  primary  nitramines  thermal  decomposition  in  the 
melted  state  differs  from  the  one  in  water  solution  because  in  the  melted  state  auto- 
protolytic  decomposition  goes  on  in  non-divided  ionic  pair.  This  fact  explains 
phenomena  described  above. 
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ABSTRACT 

This  investigation  is  devoted  to  a  comparative  study  of  thermal 
decomposition  of  organic  compound  in  liquid  and  solid  states. 

The  compound  1,9-diazido-2,4,6,8-tetranitro-2,4,6,8-tetra- 
azanonane  (I)  is  linear  analog  of  HMX.  The  kinetics  was  studied 
by  the  manometrical  method.  The  reaction  rate  in  liquid  was 
described  by  the  first-order  equation.  The  activation  parameters 
are;  in  solvent  in  m-DNB  -  lgA,=14.59  ±  0,7  (s'^),  E,  =  36.3  ±1,3 
kcal/mol,  T  =  120-180°C  and  lgA„  =  14.73  (s'),  E„,  =  36.3 
kcal/mol  in  melt.  The  decomposition  rate  of  solid  I  is 
independent  of  m/v,  and  the  gas  and  liquid  products  do  not 
affect  the  first  stage  rate.  Activation  parameters  are:  IgA^  = 

12.86  (s  '),  E,  =  36.7  kcal/mol,  T=  120-175°C.  It  is  possible  that 
both  homogeneous  and  located  reactions  in  solid  I  take  place. 

INTRODUCTION 

Different  models  of  monomolecular  reactions  in  the  solid  state  [1-3]  predict  a  depends  of 
the  retarded  effect  of  crystal  state  (RECS),  that  is  the  ratio  of  rate  constants,  k/kj  (k,  is  the 
rate  constant  of  the  reaction  in  liquid  state  and  k^  -  in  solid  state,  correspondingly,  on  as 
activated  volume  of  reaction  AV*.  There  is  a  deficit  of  experimental  data  for  checking  this 
deduction.  Therefore,  the  collecting  of  information  on  both  ks  and  AV*  is  important.  For  this 
problem  the  research  of  thermal  decomposition  of  azidocompounds  RNj  that  must  have 
little  AV*  and  should  be  weakly  retarded  by  solid  state  is  of  interest. 

Monofunctional  azides  have  comparatively  low  melting  points  and  do  not 
decompose  in  a  crystal  state.  Therefore,  the  polyfunctional  compound 
N3(CH2NN02)4CH2N3  (I)  was  chosen  as  the  object  of  study.  The  most  reactivity  groups  in  I 
are  azido-groups.  It  follows  from  comparison  of  stability  of  nitramine-  and  azido-  groups  in 
monofunctional  compounds  [2,4,5]  and  from  the  data  on  primary  decomposition  products 
of  compound  N3(CH2NN02)3CH2N3  [6]  which  is  the  nearest  analog  of  I.  The  high  melting 
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point  (177°C)  and  absence  of  phase  transition  in  solid  state  (as  has  been  shown  by  DSK 
method)  allow  studying  of  the  decomposition  of  I  below  m.p.  in  the  wide  temperature 
range.  Its  advantage  is  that  it  can  be  easily  purified  from  impurities  and  studied  by 
manometrical  method  which  is  highly  sensitive  and  accurate.  This  allows  the  rates  to  be 
determined  at  early  stages  of  a  convertion  starting  from  0,01%. 

EXPERIMENTAL  AND  RESULTS 

The  purity  of  I  was  controlled  on  melting  and  decomposition  curves.  After  two- 
stage  recrystallization  in  water-aceton  mixture  and  drying  in  vacuum  at  40°C  the  rate 
constant  of  the  gas  evolution  was  abtained  without  showing  any  signs  of  impurity 
processes. 

The  kinetics  of  thermal  decomposition  of  I  was  studied  by  manometrical 
method  in  a  solid  state  at  120-175°C,  in  a  liquid  state  at  180-185°C  and  in  solution 
at  120-180°C. 

Meta-dinitrobenzene  which  has  low  vapour  pressure  has  been  chosen  as  an  inert 

solvent.  The  reaction  proceeds  by  the  first-order  equation  both  in  solution  and  liquid  state 

almost  up  to  100%  conversion.  The  final  evolve  (AV.,  cmVg)  is  550  in  the  melted  I  and  480 

-  in  1-2%  solvents.  The  first  value  was  used  for  calculation  of  the  first-order  rate  constants 

according  to  the  time  of  1%  decomposition  at  low  temperatures.  The  rate  constant  of 

decomposition  in  solution  does  not  depend  on  concentration  (see  Table)  and  is  described 

by  Arrhenius  equation  with  parameters:  IgA  =  14.59  ±  0.7  (s  ')  and  E  =  36.3  ±1.3  kcal/mol. 

In  a  melted  state  the  rate  is  higher  by  40%  than  in  a  solution  and  is  described  by  equation 

k,  =10’“'”  exp(-36300/RT),  s  '.  (1) 

The  rate  constants  of  the  decomposition  in  a  solid  state  (kj  were  obtained  at  an  early 

stage  of  convesion.  It  has  been  assumed  that  AV-.^  =  AV.,,  =  550  cm^/g.  In  a  solid 

phase  ks  does  not  depend  on  the  degree  of  filling  the  substance  in  the  vessel  (m/v). 

This  is  explained  by  low  volatility  of  I.  gas  decomposition  and  catalysis  of  gas  products 

are  absent.  Condensed  products  are  chemically  inert,  which  is  confirmed  for  the  liquid 

phase  data,  but  they  increase  the  rate  due  to  dissolving  the  initial  substance. 

Therefore,  the  whole  kinetic  curves  at  temperature  close  to  the  melting  point  have  an 

S-image  pattern. 
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Table  1 .  The  rate  constants  of  decomposition  of  I 


Concent¬ 

ration, 

%  mass 

k|S'' 

kjS' 

120,5 

5 

2.84-10-® 

4.86-1  O'" 

140 

5 

2.46- 10-^ 

3.75-10' 

145 

5 

- 

150 

5 

6.71-10-= 

1.06-10-® 

155 

5 

I.OQ-IO"' 

- 

o 

CO 

5 

1.75-10"‘ 

2.65-1  O'® 

170 

5 

4.35-10"' 

6.78-10-® 

175 

5 

1.02-10" 

180.5 

1 

1.04-10-^ 

- 

180.5 

5 

1.06-10" 

- 

180.5 

100 

- 

185 

100 

2.52-10" 

- 

Due  to  melting  influence  k  has  been  determined  at  the  earlyest  stages  (<l%). 
The  obtained  are  described  by  the  Arrhenius  equation  within  120-175°C: 
k,  =  1 0'^  exp(-36700/RT),  s  ' .  (2) 

Therefore,  the  activated  energies  E,  and  Ej  are  approximately  equal  to  one  another 
and  at  all  temperatures  k/k^  =  70. 


DISCUSSION 

The  combination  of  two  facts;  E,  =  Eg  and  k/kj  =  70  allows  one  to  confirm  that 
decomposition  of  solid  I  takes  place  at  inequilibrium  defects  and  on  the  surface  but  not  in 
the  bulk.  Therefore,  the  true  REGS  does  not  equal  70,  it  much  exceeds  this  magnitude. 
This  conclusion  follows  from  the  analysis  of  different  monomolecular  reactions  in  solid 
state  models  [1-3].  The  retardation  of  reaction  in  a  crystal  lattice  is  always  due  to  energy 
factors  and,  if  REGS  exceeds  unity,  then  AE  =  E^  -  E,  >  0.  The  supplementary  energy  AE  is 
necessary  for  producing  near  the  reacting  molecule  a  free  cavity  with  volume  AV^,  within 
which  decomposition  with  activated  energy  E,  is  possible.  The  magnitude  of  AE  can  be 
estimated  [I-3]  by  equation 

AE  =  RT  In  (k/k3)=  (yAV*)/(2PVo)  ,  (3) 

where  p  is  compressibility  of  a  crystal,  Vo=M/p  -  molar  volume,  M  -  molar  massa,  p- 

density,  y-  structural  factor  that  takes  account  of  the  mismatch  of  an  activated  complex 

and  a  free  cavity  in  form  and  dimension  yAV*=AVc. 
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If  the  true  REGS  >100  for  I  and  p  =  1.0-1 0'^°  Pa'^  (the  average  magnitude  for 
organic  compounds),  Vq  m200  cmVmoie  from  (3)  we  can  find  that  yAV*>13  cmVmole. 

The  activated  volume  for  decomposition  of  I  can  be  estimated  as  foliows.  Assuming 
that  the  azide  group  ia  a  cyiinder  with  a  radius  equai  to  intermolecular  radius  of  a  nitrogen 
atom  Rn,  and  that  in  a  transition  state  the  extension  of  bond  (Ai)  is  0,18  A  (in  RN-Nj  1=  1 ,24 
A,  AI  is  usualiy  10-15%  [7],  we  have  AV*  =  jiR^^  xAi  =  0,52  cm^/moie  and  y  =  25. 

The  decomposition  of  I  indicates  thus,  that  the  effective  vaiue  of  activated  volume 
in  solid  phase  considerabiy  exceeds  the  true  activated  volume.  Moreover,  the  magnitude 
of  AV*,  comprises  about  5%  of  the  substance  mole  volume,  and  can  be  compared  with 
free  volume  in  iiquids  (about  10%  of  V  ).  In  order  to  react  the  molecule  should  eliminate 
general  intermolecular  interaction  and  not  the  locai  one  (near  the  reaction  center)  and 
acquire  a  considerable  oscillatory  freedom  of  motion. 

LITERATURE 

1.  Burov  Yu.M.,  Manelis  G.B.,  Nazin  G.M.  -  Doklady  Akademii  Nauk  SSSR,  1984, 

V.279,  N  5,  p.1 142  (in  Russian). 

2.  Manelis  G.B.,  Nazin  G.M.,  Rubsov  Yu.i.,  Strunin  V.A.  -  Thermal 
decomposition  and  combustion  of  explosives  and  pouders,  -  M,  Nauka, 

1996,  223p,  ili,  (in  Russian). 

3.  Burov  Yu.M.,  Nazin  G.M.  -  Some  lows  of  thermal  decomposition  of  solid  organic 
compounds.  -  in  "The  Internation  Autumn  Seminar  on  Propellants,  Explosives  and 
Pyrotechnics,  Shenzhen,  China,  October  8-11, 1997. 

4.  Geiseler  G.,  Konig  W.  -  Z.  Phys.  Chem.  (DDR),  1964,  Bd.227,  N  1 ,  P.81 . 

5.  Burov  Yu.M.,  Nazin  G.M.  -  Kinetika  i  Katalis,  1982,  V.23,  N  1,  p.12.  (in  Russian). 

6.  Oyumi  Y.,  Rheingoid  A.,  L,  Briii  T.B.  -  J.  Phys.  Chem.,  1987,  V.91,  N  4,  p.920. 

7.  Gonikberg  M.  G.  -  Chemicai  equalibrium  and  rates  of  reaction  at  high  pressures,  M; 
Chimia,  1969,  p.1 80.  (In  Russian). 


130 


1 


Characterization  of  ADN  and  CL20  by  NMR  spectroscopy 


Manfred  Kaiser,  Bert  Ditz,  Wehrwissenschaftliches  Institut  fiir  Material-,  Explosiv-  und 
Betriebsstofife  (WIWEB),  GroBes  Cent,  D-53913  Swisttal,  Germany 


Summary 

The  new  explosives  ammonium  dinitramide  (ADN)  and  2,4,6,8,10,12-hexanitro- 
hexaazaisowurzitane  (CL20)  were  explored  by  NMR  spectroscopy  under  high  resolution 
conditions.  The  measurements  were  performed  with  a  NMR  spectrometer  at  400. 13  MHz 
proton  resonance  frequency.  The  ^H,  ISjsj  1 7o  NMR  spectra  were 

measured  and  the  signals  were  assigned.  With  the  help  of  the  NMR  spectroscopy  the 

1 JC-H  coupling  constants  could  be  determined  for  CL20. 


Zusammenfassung 

Die  neuen  Explosivstoffe  Ammoniumdinitramid  (ADN)  und  2,4,6,8,10,12-Hexanitro- 
hexaazaisowurzitan  (CL20)  wurden  NMR-spektroskopisch  unter  Hochauflbsungs- 
bedingungen  untersucht.  Die  Messungen  erfolgten  an  einem  NMR-Spektrometer  mit  400. 13 
MHz  Protonenresonanzfrequenz.  Es  wurden  'H-,  ''’C-,  ''*N-,  '^N-  und  ’’O-NMR-Spektren 
aufgenommen  und  die  Signale  zugeordnet.  Mit  Hilfe  der  ’’C-NMR-Spektroskopie  konnten  die 
‘Jc-H-Kopplungskonstanten  fur  CL20  bestimmt  werden. 


Introduction 


The  compounds  ammonium  dinitramide  (ADN)  and  2,4,6,8,10,12-hexanitro- 
hexaazaisowurzitane  (CL20)  are  relatively  new  explosives  that  are  up  to  now  not  used  in 
German  ammunition.  ADN  is  a  new  compound,  which  has  very  promising  properties  for 
the  formulation  of  new  propellants.  CL20  is  interesting  as  a  component  for  main  charges 
because  of  its  high  density.  For  blast  investigations  an  exact  characterization  of  the 
materials  is  of  particular  importance.  This  can  be  accomplished  for  example  with 
chromatographic  and/or  spectroscopic  methods.  One  of  the  spectroscopic  methods  is 
NMR  spectroscopy.  It  is  very  interesting,  since  it  provides  information  on  the  structure  of 
the  compounds  and  on  mixtures  of  substances.  In  the  following  both  products  are  explored 
with  the  help  of  different  NMR  techniques  and  with  the  aid  of  different  NMR  active  nuclei. 


Instruments  and  methods 


The  investigations  were  accomplished  with  a  Bruker  DMX  400  NMR  spectrometer  with  a 
proton  resonance  frequency  of  400. 13  MHz.  The  resonance  frequency  for  the  nucleus 
lies  at  100.62  the  one  for  *^N  at  28.91  and  for  ^^N  at  40.56  MHz.  The  NMR  spectra 
were  measured  at  a  resonance  frequency  of  54.24  MHz. 
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For  the  measurement,  the  substances  were  dissolved  in  D2O  (ADN)  or  acetone-d  g 
(CL20).  A  5  mm  and  a  10  mm  multinuclear  high  resolution  probe  were  used.  The  amount 
of  the  data  points  totaled  characteristically  32  K  and/or  64  K.  All  measurements  were 
executed  at  ambient  temperature.  and  spectra  were  calibrated  relatively  to 
tetramethyl  silane  (IMS).  The  chemical  shifts  in  the  and  spectra  refer  relatively 
to  external  nitromethane,  which  was  measured  before  the  measurement  of  the  substances. 
It  was  calibrated  to  the  value  of  6  =  0.  Before  the  measurement  of  spectra  deionizised 
water  was  measured  and  its  chemical  shift  was  fixed  at  6  =  0.  The  CL20  samples  were 
technical  products  of  Thiocol  (USA)  and  SNPE  (France).  ADN  was  synthesized  by  ICT 
(Pfinztal-Berghausen). 


NMR  spectroscopy 

CL20  shows  two  signals  at  5  =  8.34  and  5  =  8.20  in  the  -  NMR  spectrum.  The 
assignments  can  be  accomplished  through  integration  of  the  signals.  The  first  signal 
corresponds  to  4  protons  and  the  second  to  2  protons  (figure  1).  The  measurement  of  the 
1h  NMR  spectrum  of  ADN  was  omitted,  since  an  exchange  between  the  NH4+  signal  and 
the  signal  of  the  HDO  appears  in  the  spectrum.  Thus  a  mean  value  of  the  signal  appears  in 
the  spectrum,  whose  chemical  shift  depends  on  the  ADN  concentration. 


Figure  1 :  NMR  spectrum  of  CL20  in  acetone-d  g 

NMR  spectroscopy 

In  contrast  to  proton  NMR  spectroscopy  the  NMR  spectroscopy  is  less  sensitive 
because  of  the  natural  abundance  of  1.1  %  of  the  '■’C  nucleus. 


130  -  3 


The  * NMR  spectrum  of  CL20  shows  two  signals  at  5  =  72. 1  and  6  =  75, 1  (figure  2). 
An  assignment  can  be  carried  out  by  quantitative  Inverse  Gated  NMR  spectroscopy  /1, 2/. 
In  this  case  one  signal  corresponds  to  2  and  the  other  to  4  carbons.  The  ^  J  c-H  coupling 
constants  were  determined  by  means  of  a  Gated  NMR  spectrum  /1, 2/  (figure  3).  The 
NMR  signal  at  6  =  75. 1  shows  a  coupling  constant  of  *  J  c.h  =  1 75.9  Hz  and  at  5  =  72. 1  a 
^  JC-H  ~  176.6  Hz.  Both  coupling  constants  hardly  deviate  from  each  other,  since  the 
chemical  environment  of  the  carbon  atoms  is  very  similar. 

In  the  case  of  ADN  no  spectrum  was  acquired,  since  no  carbon  is  available  in  the 
substance. 


Figure  3:  l^C  Gated  NMR  spectrum  of  CL20  in  acetone-d  g 


130  .4 


NMR  snectrosconv 

Although  the  nucleus  has  a  large  natural  abundance  of  99,63  %,  the  measurement  of 
nuclei  is  not  simple,  because  the  nuclear  spin  is  I  =  1  and  thus  the  nucleus  shows  a 
quadrupole  moment  /3,4/.  This  leads  to  broadening  of  the  signals  and  a  loss  of  the  signal  to 
noise  ratio. 

The  NMR  spectrum  of  ADN  shows  three  signals  at  6  =  -12.0,  5  =  -60.2  and 
5  =  -360. 1 .  The  signal  at  6  =  - 1 2.0  can  be  associated  with  the  nitro  group  in  the 
dinitramide.  At  8  =  -60.2,  the  central  nitrogen  atom  of  the  dinitramide  appears  and  at  5  =  - 
360.1  the  nitrogen  atom  of  the  ammonium  ion  is  visible.  A  small  signal  at  6  =  -3.9  is  a 
nitrate  impurity  of  the  ADN.  The  line  widths  of  the  signals  of  ADN  are  very  different, 
whereby  the  signal  of  the  ammonium  ion  shows  the  smallest  line  width,  followed  by  the 
nitro  groups  and  the  central  nitrogen  atom  of  the  dinitramide.  The  line  widths  correlate 
with  the  quadrupole  moment  of  the  N  nucleus.  Sharp  lines  will  only  be  obtained  in  a 
symmetrical  environment  of  the  ^^N  nucleus  and  with  very  fast  rotating  groups  around  the 
nitrogen  nucleus. 

The  NMR  spectrum  ofCL20  shows  two  signals  at  5  =  -41.6  and  at  5  =  -180.6.  The 
signal  at  5  =  -41.6  is  assigned  to  nitro  groups.  The  signal  at  5  =  -180.6  corresponds  to  the 
nitramine  nitrogens.  Both  lines  are  quite  broad,  whereby  the  signal  at  6  =  -180.6  is  so 
broad,  that  it  disappears  almost  in  the  baseline.  So  again  the  quadrupole  moment  of  the 
^^N  is  responsible  for  the  broad  lines  and  for  the  missing  splitting  of  the  signals. 


Figure  4:  ^^N  NMR  spectrum  of  ADN  in  D2O 
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Figure  5:  NMR  spectrum  of  CL20  in  acetone-d  5 


NMR  spectroscopy 

In  contrast  to  NMR  spectroscopy  NMR  spectroscopy  has  the  advantage  of  very 
sharp  lines  in  the  spectrum  /5,6,7/.  The  reason  lies  in  the  missing  quadnipole  moment, 
since  the  nuclear  spin  quantum  number  is  I  =  'A  Yet  the  measurement  of  spectra  is 
very  time  consuming,  because  the  natural  abundance  of  this  isotope  is  only  0.36  %.  So  a 
measuring  time  of  1  day  with  a  sample  amount  of  I  gramm  is  needed  for  the  spectrum  in 
fig.  6.  Additional  reasons  are  the  long  relaxation  times  and  the  negative  nuclear  Overhauser 
effect  because  of  the  negative  gyromagnetic  ratio. 

The  ammonium  dinitramide  shows  three  signals  at  6  =  -12.2,  6  =  -60.8  and  at  5  =  -360. 1  in 
the  l^N  spectrum.  The  signal  at  5  =  -12.2  corresponds  to  the  nitro  group  and  the  one  at 
5  =  -360. 1  to  the  ammonium  ion.  The  signal  of  the  central  nitrogen  atom  of  the  dinitramide 
at  5  =  -60.8  is  broadened  in  the  spectrum  because  of  chemical  exchange. 

The  spectrum  of  the  CL20  is  much  more  resolved  than  the  ^‘^N  spectrum.  Four  lines 
can  be  seen  at  5  =  -40.3,  5  =  -43.4.  5  =  -179.5  and  5  =  -199.0.  The  two  signals  at  6  =  -40.3 
and  5  =  -43.4  are  assigned  to  nitro  groups.  The  signals  at  6  =  -179.5  and  6  =  -199.0 
correspond  to  the  nitramine  nitrogen  atoms  .  An  assignment  by  intensity  of  the  signals  is 
indicated  in  figure  7. 


Figure  6:  NMR  spectrum  of  ADN  in  D2O 
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Figure  7:  NMR  spectrum  of  CL20  in  acetone-d  5 
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^  NMR  spectroscopy 

The  NMR  active  nucleus  has  some  unfavorable  characteristics  in  NMR  spectroscopy 
/8/.  One  reason  is  its  small  natural  abundance  of 0.037  %,  the  other  is  its  nuclear  spin 
quantum  number  of  I  =  5/2.  This  leads  to  a  quadrupole  moment,  which  has  a  negative 
effect  on  the  line  widths. 

The  oxygen  signal  of  the  nitro  groups  in  ADN  appears  at  5  =  469.6.  In  the  spectrum  the 
water  is  visible  at  6  =  -3.0.  The  calibration  was  performed  by  measuring  external  H2O. 
Since  the  sample  is  dissolved  in  water  the  chemical  shift  of  the  water  differs  from  the 
external  calibration.  The  small  signal  at  5  =  414.2  is  a  nitrate  impurity  of  ammonium 
dinitramide. 

The  1^0  signal  of  the  nitro  groups  of  CL20  is  visible  at  5  =  468.7.  The  large  signal  in  the 
spectrum  is  caused  by  the  carbonyl  group  of  the  acetone,  which  was  used  as  solvent. 
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Figure  8:  nmr  spectrum  of  ADN  in  D2O 
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The  following  table  shows  all  NMR  signals  of  ADN  and  of  CL20. 
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Untersuchung  der  Zersetzung  von  Pulvervorkonzentrat 


Stephan  Wilker,  UIdis  Ticmanis,  Manfred  Kaiser,  Gabriele  Pantel,  Gerhard  Holl 
(WIWEB,  ASt  Heimerzheim,  GroBes  Cent,  53913  Swisttal), 

Karl-Friedrich  Elshoff  (WASAG  Chemie,  Werkstr.  Ill,  45721  Haltern) 


Kurzfassung 

Pulvervorkonzentrate  (PVK)  bestehen  aus  Mischungen  von  Sprengolen  (Nitroglycerin  Oder  DEGN)  und 
Nitrocellulose  im  Verhaltnis  85/15  und  werden  zur  Herstellung  zweibasiger  TLP  und  FTS  verwendet. 
Frisch  hergestellte  PVK  enthalten  ca.  5-7  %  Alkohol  und  sind  in  dieser  Form  lagerstabil.  Gegebenenfalls 
enthalten  sie  zusatzlich  noch  Amine  Oder  Hamstoffderivate  als  Stabilisatoren  (ca.  0,5  %).  Wenn  sie  ge- 
trocknet  werden,  gehen  die  stabilisatorfreien  PVK  bei  80°C  innerhalb  von  ein  bis  zwei  Tagen  im  Warme- 
fluBkalorimeter  in  eine  heftige  Autokatalyse  uber,  deren  Kinetik  berechnet  wurde. 

Die  Zersetzung  des  Nitroglycerins  setzt  an  der  mittleren  Nitratestergruppe  ein,  wie  ID-  und  2D-NMR- 
Untersuchungen  belegen.  AnschlieBend  folgen  die  endstandigen  Nitratestergruppen,  wobei  sich  unter 
den  Reaktionsbedingungen  zunachst  Alkohole  und  danach  Carbonsauren  bilden,  die  mit  den  Alkoholen 
Ester  entstehen  lassen,  die  dann  polymerisieren.  Diese  Masse  weist  unter  NOx-Atmosphare  eine  intensiv 
griinliche  Farbung  auf,  an  Luft  ist  sie  weiB.  Bei  Unterbrechung  der  Messung  im  autokatalytischen 
Zustand  und  Abkiihlen  der  Reaktionsmischung  auf  Raumtemperatur  wird  diese  griine  oder  weiBe  Masse 
innerhalb  von  einigen  Wochen  durch  den  dichten  VerschluB  des  MeBgefaBes  nach  auBen  gedruckt. 
Treibende  Kraft  ist  hierbei  die  Bildung  von  NO^  und  damit  verbunden  ein  erheblicher  Druckaufbau. 
Diese  Autokatalyse  bei  Raumtemperatur  wird  durch  eine  eindrucksvolle  Bilderserie  belegt. 

Die  Stabilisierung  dutch  2-NDPA  kann  die  Autokatalyse  des  getrockneten  PVK  lediglich  verzbgern,  aber 
nicht  verhindem.  Dagegen  zeigen  Untersuchungen  von  mit  Akardit-stabilisiertem  PVK  keine  Auto¬ 
katalyse  innerhalb  von  25  Tagen  bei  80°C.  PVK  mit  DEGN  als  Sprengbl  sind  im  Vergleich  stabiler  als 
PVK  mit  Nitroglycerin. 


Abstract 

Primitive  masses  (PVK)  are  a  mixture  of  nitroglycerin  or  DEGN  (85%)  and  nitrocellulose  (15%).  They 
are  used  for  the  production  of  double  base  propellants.  Freshly  synthetised  PVK  contain  about  5-7  wgt% 
ethanol.  In  this  form  they  are  sufficiently  stable  at  room  temperature.  Some  PVK  contain  additionally 
amines  or  urea  derivatives  (0,5%)  as  stabilisers.  When  the  unstabilised  PVK  are  dried  they  decompose 
within  1-2  days  at  80°C  showing  a  severe  autocatalysis  in  the  microcalorimeter.  The  kinetics  of  the 
decomposition  was  calculated. 

ID  and  2D-NMR  spectra  show  that  the  decomposition  starts  at  the  central  nitrate  ester  group  of  nitro¬ 
glycerin.  After  that  the  terminal  nitrate  ester  groups  follow.  At  first  alcohols  are  formed  which  are  oxi¬ 
dised  under  the  reaction  conditions  to  carboxylic  acids.  These  acids  react  with  the  primary  and  secondary 
alcohols  to  esters,  which  form  a  polymeric  mass  showing  a  greenish  colour  under  NOx  atmosphere.  It  lo¬ 
ses  its  colour  under  air.  If  the  autocatalysis  at  80'’C  is  stopped  and  the  reaction  mixture  is  cooled  to  room 
temperature  this  greenish  mass  comes  out  of  the  measuring  ampoule  within  a  few  days  or  weeks  forced 
by  huge  amounts  of  gases  (NOx)  produced.  An  impressive  series  of  photos  documents  this  behaviour. 

The  stabilising  of  PVK  with  2-NDPA  can  only  delay  the  autocatalysis  but  not  prevent  it.  Akardite  II 
stabilised  PVK  don’t  show  an  autocatalysis  within  25  days  at  80°C.  PVK  containing  DEGN  are  more 
stable  than  PVK  containing  nitroglycerin. 
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Einleitung 

PVK’s  dienen  als  Rohstoffe  fur  die  Herstellung  zweibasiger  TLP  und  FTS.  Sie  bestehen  in  der 
Regel  aus  einer  Mischung  aus  Sprengol  (Nitroglycerin  oder  DEGN;  85%  in  der  Trockenmasse) 
und  Nitrocellulose  (1 5%  in  der  Trockenmasse).  Frisch  hergestellte  PVK  enthalten  ca.  5-7  % 
Alkohol  und  sind  in  dieser  Form  lagerstabil.  In  den  vergangenen  Jahren  ist  es  trotzdem  immer 
wieder  zu  folgenschweren  Unfallen  mit  PVK  in  Lagem  der  explosivstoffVerarbeitenden  Industrie 
gekommen,  deren  Ursache  oft  nicht  restlos  geklart  werden  koimte.  Obwohl  stabilisatorfreie  PVK 
bei  Raumtemperatur  hinreichend  lagerstabil  sind  (s.  Abschnitt  „Bewertung“),  wird  seit  1997 
PVK  nur  noch  stabilisiert  hergestellt  und  ausgeliefert. 

Uns  interessierte  die  Frage,  ob  PVK  ein  ahnliches  Verhalten  wie  Pulverrohmassen  zeigen  und 
ob  es  moglich  ist,  den  Verlauf  der  Autokatalyse  durch  chemische  Analysen  zu  verfolgen.  Dies 
gelang  durch  NMR-Analysen  belasteter  PVK  in  verschiedenen  Abbaugraden.  Durch  die  Untersu- 
chung  verschiedener  PVK-Typen  (Variation  des  Feuchtegehalts,  des  Sprengols  und  der  Stabilisa- 
toren)  wollten  wir  den  EinfluB  dieser  Faktoren  auf  die  Stabilitat  der  PVK  ermitteln.  Durch  die 
Untersuchung  der  PVK  bei  verschiedenen  Temperaturen  konnte  die  Kinetik  der  Zersetzungs- 
reaktion  ermittelt  werden  und  das  Ergebnis  auf  die  relevante  Lagertemperatur  von  PVK  extra- 
poliert  werden. 


Versuchsdurchfiihrung 

Das  PVK  (stabilisiert  und  unstabilisiert)  wurde  sowohl  im  Originalzustand  als  auch  getrocknet 
im  Warmeflufikalorimeter  (Typ  TAM)  bei  verschiedenen  Temperaturen  untersucht.  Die  Trock- 
nung  erfolgte  im  Trockenschrank  bei  40°C  fiber  Nacht.  Die  Proben  wurden  bei  jeder  Temperate 
frisch  in  das  Kalorimeter  eingesetzt.  Darfiberhinaus  wurde  die  Explosionswarme  nach  TL  1376- 
0600,  3.41.1  bestimmt. 

Die  NMR-Spektren  wurden  bei  400  MHz  ('H-NMR)  und  100  MHz  ('^C-NMR)  in  geeigneten 
deuterierten  Losemitteln  (meist  Aceton-d^)  mit  einem  Bruker-NMR-Spektrometer  (400  MHz) 
aufgenommen. 


Proben 

Tabelle  1  zeigt  die  untersuchten  Proben  und  ihre  chemische  Zusammensetzung 
Tab.  1:  Untersuchte  PVK-Proben 


Bezeichnung 

Inhaltsstoffe 

Stabilisator 

Herstellungsmonat 

PVK  A 

85/15  NGL/Nc 

AkII 

8/97 

PVKB 

85/15  NGL/Nc 

keiner 

10/96 

PVKD 

85/15  DEGN/Nc 

AkII 

12/96 

PVKN 

85/15  NGL/Nc 

2-N-DPA 

2/97 

PVKQ 

85/15  NGL/Nc 

keiner 

4/88 

131  -  3 


Ergebnisse 

WarmefluBmessungen  an  feuchten  PVK 

Die  durchgefiihrten  Messungen  (s.  Abb.  1  und  2)  zeigen,  dafi  bei  alien  Temperaturen  nach  kurzer 
Zeit  eine  nahezu  konstante  Zersetzungsrate  erreicht  wird. 

Eine  Langzeitmessung  bei  40°C  ergab  auch  nach  14  Tagen  keine  meBbare  Warmeproduktion,  so 
daB  davon  ausgegangen  werden  kann,  daB  bei  diesen  Temperaturen  eine  nur  sehr  geringe  Zerset- 
zung  der  Proben  eintritt.  Dies  gilt  natilrlich  analog  fur  alle  darunter  liegenden  Temperaturen. 

P[^W/g] 


Abb.  1.  Spezifische  Warmeproduktionsrate  von  nicht  stabilisiertem  feuchtem  PVK  B; 
Jjei  jeder  Pruftemperatur  frisch  eingesetzt. 


Tab.  2:  Konstante  MeBwerte  der  spezifischen  Warmeproduktion  feuchter  PVK 


Temperatur 

unstab.  PVK  B 

MeBzeit 

stab.  PVK  N 

MeBzeit 

[°C] 

[pW/g] 

[Tage] 

[pW/g] 

[Tage] 

80 

41,8 

5,1 

nicbt  konst,  (s.  Text) 

6,8 

70 

6,32 

6,0 

7,88 

8,0 

60 

1,50 

6,5 

1,60 

8,5 

50 

0,36 

8,0 

n.b. 

40 

<  Best.grenze 

16,2 

n.b. 

n.b.  =  nicht  bestimmt 
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Im  Gegensatz  zum  nicht  stabilisierten  feuchten  PVK  zeigt  das  stabilisierte  feuchte  PVK  bei  80°C 
eine  deutlich  geringere  spezifische  Warmeproduktionsrate  (16  pW/g  statt  40  pW/g).  Diese  steigt 
jedoch  im  Zeitraum  zwischen  zwei  und  sechs  Tagen  von  14  auf  16  pW/g  an,  ohne  dafl  jedoch 
eine  Beschleunigimg  dieses  Anstiegs  zu  beobachten  ist.  Die  Messung  bei  60°C  (s.  Abb.  2)  zeigt 
keine  signifikanten  Unterschiede  zwischen  dem  stabilisierten  und  dem  unstabilisierten  feuchten 
PVK  B  und  N. 

Die  aus  dem  Arrheniusplot  (Abb.  3)  berechneten  kinetischen  Parameter  (Aktivierungsenergie 
und  vorexp.  Faktor)  betragen  fiir  das  nicht  stabilisierte  feuchte  PVK  B  132  kJ/mol  bzw.  7  •  lO'^ 
W/kg  (Tieftemperaturbereich  (70-50°C))  bzw.  191  kJ/mol  bzw.  7  •  10^^  W/kg  (Hochtemperatur- 
bereich  (80  und  70°C)). 


P[MW/g] 


Abb.  2.  Vergleich  zwischen  stabilisiertem  und  nicht  stabilisiertem  feuchten  PVK 


WarmefluSmessungen  an  getrockneten  PVK 


Im  Gegensatz  zu  den  alkoholfeuchten  Proben  kommt  es  bei  80°C  bei  den  getrockneten,  nicht 
stabilisierten  Proben  innerhalb  von  ca.  15  h  (abhangig  vom  Trocknungsgrad  und  der  Einwaage) 
zu  einer  den  Pulverrohmassen  (PRM)  vergleichbaren  heftigen  autokatalytischen  Zersetzung.  Sie 
weist  -  wie  schon  bei  den  PRM  beobachtet  -  eine  vorgelagerte  exotherme  Reaktion  auf  die 

etwa  einer  Energieabgabe  von  2  J/g  entspricht.  Die  Abb.  4  und  5  zeigen  den  Verlauf  der  Zerset- 
zungsreaktion;  die  Ergebnisse  entstammen  verschiedenen  Versuchsreihen,  die  alle  eine  sehr  hohe 
Reproduzierbarkeit  auBviesen. 


0.0028 


0.0029 


0.0032 


0,0033 


•34 


1/T  [J/KJ 

”  Regresslonsgerade  2 
Regresslonsgerade  I 
°°°  Meflwerte 


Abb.  3.  Arrhenius-Plot  des  nicht  stabilisierten,  alkoholfeuchten  PVK.  Eingetragen  sind  die 
konstanten  Endwerte  der  spezifischen  Warmeproduktionsrate. 


Abb.  4.  Zersetzung  getrocknetes  PVK  B  bis  zum  ersten  Minimum  (Einwaage  ca.  150  mg). 
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Da  die  autokatalytische  Zersetzung  einer  gefullten  Ampulle  (3,5  bis  4  g)  durchaus  eine  Gefahr 
fur  das  MeBsystem  und  den  Operator  darstellt,  wurden  die  meisten  Versuche  mit  geringen  Pro- 
benmengen  (s.  Tab.  3)  durchgefuhrt.  Diese  MeBanordnung  erlaubt  auBerdem,  den  vollstandigen 
Ablauf  der  Zersetzungsreaktion  zu  verfolgen  (maximal  erfaBbarer  GesamtwarmefluB  30  mW/ 
Probe).  Dabei  zeigte  sich  im  Vergleich  zu  denen  komplett  gefUllter  Ampullen  ein  etwas  spaterer 
Eintritt  in  die  Autokatalyse.  Bei  Mehrfachbestimmungen  mit  ahnlicher  Einwaage  wurden  ver- 
gleichbare  Zeiten  ermittelt.  Der  Gewichtsverlust  bei  diesen  Versuchen  liegt  nach  vollstandigem 
Durchgang  der  Autokatalyse  bei  90-95%.  Die  Probenglaschendeckel  sind  nach  der  Messung 
aufgerissen,  die  Gummidichtung  ist  angeschmolzen  und  aufgebogen. 

Tab.  3a:  Eintritt  in  die  Autokatalyse  bei  80°C,  70°  und  bei  60°C  (PVK  B);  sortiert  nach  MeB- 
temperatur  und  Einwaage. 


Ver- 

such 

Einwaage 

[mg] 

T 

[°C] 

1 .  Maximum 
[pW/g] 

1.  Maximum 
[Tage] 

1 .  Minimum 
[pW/g] 

1 .  Minimum 
[Tage] 

91 

143 

80 

765 

1,39 

210 

1,24 

88 

151 

80 

698 

1,29 

398 

1,39 

83 

151 

80 

825 

1,04 

272 

1,09 

90 

154 

80 

712 

1,15 

385 

1,19 

85 

159 

80 

748 

1,20 

216 

1,24 

84 

161 

80 

782 

1,17 

- 

- 

86 

162 

80 

680 

1,30 

350 

1,45 

89 

169 

80 

850 

1,60 

490 

1,70 

87 

172 

80 

635 

1,15 

300 

1,31 

81 

1635 

80 

427 

1,23 

329 

1,27 

82 

3743 

80 

161 

0,71 

106 

0,75 

93 

4075 

80 

120 

0,79 

86 

0,83 

71 

3920 

70 

68 

3,07 

51 

3,45 

64 

4046 

60 

31 

16,3 

29 

16,4 

-)  Messung  im  1 .  Maximum  abgebrochen 


Die  Abhangigkeit  des  Zeitpunkts  des  Eintritts  der  Autokatalyse  von  der  Einwaage  fiihrte  zu  der 
Frage,  ob  der  sich  iiber  dem  PVK  aufbauende  Gasdruck  zu  einer  Beschleunigung  der  Zerset¬ 
zungsreaktion  fiihrt.  Daher  wurde  das  PVK  Q  mit  verschlossenem  und  nicht  gasdicht  verschlos- 
senem  Ampullendeckel  bei  80°C  gemessen.  Das  Resultat  ist  Abb.  6  zu  entnehmen.  Es  zeigte 
sich,  daB  der  VerschluB  der  MeBampullen  im  Rahmen  der  Streuung  der  MeBergebnisse  keinen 
EinfluB  auf  die  Zersetzungsgeschwindigkeit  hat. 

Das  bedeutet,  daB  es  nicht  der  sich  aufbauende  Gasdruck  ist,  der  Ampullen  mit  hoherer  Ein¬ 
waage  fitiher  in  die  Autokatalyse  geraten  laBt.  Hier  spielen  offensichtlich  andere  Vorgange  eine 
Rolle  (z.B:  die  NOx-Konzentration  im  PVK  selbst).  Interessant  ist  auch  die  Korrelation  zwischen 
Energieabgabe  vmd  Gewichtsverlust  (s.  Tab.  3b).  Es  zeigt  sich,  daB  ein  merklicher  Gewichtsver¬ 
lust  erst  bei  einer  Energieabgabe  von  etwa  500  J/g  einsetzt.  Vorher  baut  sich  offensichtlich  ein 
erheblicher  Druck  auf.  Erst  nach  dem  Aufspringen  der  Dichtung  (Maximaldrack  nach  Herstel- 
lerangaben;  2  bis  3  bar)  koimen  die  gasformigen  Reaktionsprodukte  entweichen. 
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Tab.  3b:  Gewichtsverluste  und  Energieabgaben  bei  80°C,  70°  und  bei  60°C  (PVK  B);  sortiert 
nach  Temperatur  und  Energieabgabe 


Gewichts- 


Versuch 

H 

MeBzeit 

[Tage] 

84 

80 

1,17 

93 

80 

0,94 

85 

80 

1,24 

82 

80 

0,93 

81 

80 

1,39 

91 

80 

2,04 

88 

80 

2,09 

89 

80 

2,22 

90 

80 

1,80 

86 

80 

2,06 

87 

80 

2,08 

83 

80 

5,83 

71 

70 

4,00 

64 

60 

21,4 

Gewichts- 
verlust  [%] 

abgegebene 
Energie  [J/g] 

<1 

2,70 

<1 

3,60 

<1 

3,82 

0 

5,35 

<1 

12,4 

0 

68 

<1 

224 

<1 

281 

<1 

317 

34 

630 

49 

1400 

95 

>  1000“^ 

<1 

11,4 

n.b. 

31,7 

a)  Wegen  Uberschreitung  des  MeBbereichs  ist  eine  genaue  Aussage  nicht  mbglich  (s.  Abb,  5), 


Prttftempcratur  80°C 


1 .  Maximum  aus 


Time  [day] 

Abb.  5.  Zersetzung  getrocknetes  PVK  B  (gesamter  Zerfallsvorgang;  Einwaage  ca.  150  mg) 


Abb.  6.  Spezifische  Warmeproduktionsrate  PVK  Q  (85%  NGL,  15%  NC,  <  0,1%  EtOH)  mit 
geschlossener  und  nicht  geschlossener  MeBampulle.  Einwaage  je  ca.  0,6  g. 


P  [mW/g] 


Abb.  7.  Vergleich  des  PVK  mit  PRM  133E  aus  [1]  sowie  mit  Nitrocellulose  sowie  Nitroglycerin 
bei  80°C  (Einwaage  je  ca.  150  mg) 


Abb.  9.  Zersetzung  getrockneter  PVK  B  bei  60°C.  Einwaage  ca.  4  g. 
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Der  Vergleich  zwischen  PVK,  unstabilisierter  PRM,  reiner  nicht  stabilisierter  Nitrocellulose  und 
von  reinem  Nitroglycerin  ist  Abb.  7  zu  entnehmen.  Es  zeigt  sich,  daB  PRM  (mit  einem  Nitrocel- 
lulosegehalt  von  ca.  60%)  bei  vergleichbarer  Einwaage  schneller  die  Autokatalyse  erreicht.  Reine 
Nitrocellulose  (Stickstoffgehalt  12,15%)  weist  eine  „schwachere“  Autokatalyse  auf,  die  zu  einem 
spdteren  Zeitpunkt  auftritt;  reines  Nitroglycerin  schlieBlich  bildet  mit  einer  Zeit  bis  zur 
Autokatalyse  von  gut  314  Tagen  das  „SchluBlicht“.  Interessanterweise  zeigt  Nitroglycerin  ein 
sehr  Mhes  erstes  Maximum  von  250  pW/g  nach  6  Stunden.  PVK,  PRM  und  Nitroglycerin  haben 
prinzipiell  die  gleiche  Kurvenform. 

Der  Gewichtsverlust  nach  der  Messung  des  Nitroglycerins  betragt  74%.  Die  Energieabgabe  be- 
lauft  sich  auf  ca.  1 500  J/g. 

Die  autokatalytische  Zersetzungsrektion  tritt  auch  bei  70°C  und  bei  60°C  ein.  Wahrend  das  erste 
Maximum  des  PVK  B  bei  80°C  nach  17,1  h  (0,71  Tagen)  eintritt,  betragt  die  Zeit  bis  dahin  bei 
70°C  3,1  Tage  (s.  Tab.  3  und  Abb.  8)  und  bei  60°C  knapp  16  Tage  (Abb.  9).  Das  zehn  Jahre  alte 
PVK  Q  erreicht  das  erste  Maximum  schon  nach  13  Stunden  (0,54  Tagen;  80°C),  1,6  Tagen 
(70°C)  bzw.  3,9  Tagen  (60°C);  Abb.  10. 

Die  Form  des  WarmefluBsignals  bleibt  bei  tieferen  Temperaturen  -  weim  auch  mit  veranderten 
Zeit-  und  WarmefluBachsen  -  im  wesentlichen  gleich.  Dies  bedeutet,  daB  die  verschiedenen  fur 
diese  Warmetonung  verantwortlichen  chemischen  bzw.  physikalischen  Reaktionen  vergleichbare 
Aktivierungsenergien  aufweisen.  Dies  ermoglicht  somit  auch,  Extrapolationen  zu  tieferen 
Temperaturen  hin  durchzufiihren  (s.  Abschnitt  „Bewertung“). 


Die  Reaktion  des  getrockneten  l-NOj-DPA-stabillsierten  PVK  bei  80°C  zeigt  zunSchst  nur 
einen  allmahlichen  Anstieg  des  MeBwertes  (s.  Abb.  1 1).  AnschlieBend  erfolgt  hier  eine  auto¬ 
katalytische  Zersetzung,  ohne  daB  eine  Vorreaktion  wie  bei  den  unstabilisierten  PVK  eintritt. 


Im  Vergleich  mit  nicht  stabilisiertem  PVK  findet  der  Eintritt  in  die  Autokatalyse  bei  sonst  identi- 
schen  MeBbedingungen  um  den  Faktor  20  (14  statt  0,7  Tage)  spater  statt.  Der  Stabilisator  hat  in 
den  ersten  Stunden  der  Messung  keinen  EinfluB  auf  das  Niveau  der  Warmeproduktionsrate. 

Dagegen  zeigen  Akardit-stabilisierte  PVK  (sowohl  mit  Ngl  als  auch  mit  DEGN)  innerhalb  von 
25  Tagen  keine  Autokatalyse.  Interessanterweise  liegt  die  spezifische  Warmeproduktionsrate  der 
DEGN-PVK  deutlich  unter  der  der  Ngl-PVK.  Dies  deutet  auf  eine  geringere  Zersetzungsge- 
schwindigkeit  des  DEGN  im  Vergleich  zum  Nitroglycerin  hin  und  somit  auf  eine  groBere  Stabili- 
tat  dieses  Sprengols  (Abb.  12).  Der  gesamte  Gewichtsverlust  nach  der  Messung  belauft  sich  beim 
PVK  D  auf  2,8%. 

Der  Stabilisator  2-NO2-DPA  ist  im  PVK  N  nach  14  Tagen  nicht  mehr  nachweisbar,  sondem  hat 
sich  in  Tetranitro-DPA  umgewandelt.  Das  PVK  A  (akardit-stabilisiert)  weist  nach  25  Tagen 
ebenfalls  keinen  originaren  Stabilisator  mehr  auf;  hier  sind  die  Reaktionsprodukte  Di-,  Tri-  und 
Tetranitro-DPA,  d.h.  die  stabilisierende  Wirkung  von  Akardit  II  ist  etwas  besser  als  die  des  2- 
NDPA,  was  sich  auch  in  der  fehlenden  Autokatalyse  zeigt.  Im  Gegensatz  dazu  ist  im  PVK  D 
Akardit  II  auch  nach  25  Tagen  noch  in  fast  der  Ausgangsmenge  enthalten.  Im  Vergleich  zwi¬ 
schen  PVK  A  und  D  (beide  Akardit-stabilisiert)  ist  der  Abbau  des  Akardits  im  PVK  A  schneller 
(Nitroglycerin  zersetzt  sich  schneller  als  DEGN). 


Abb.  10.  EinfluB  der  Zerset2ungstemperatur  auf  das  WFK-Signal  (PVK  Q).  Einwaage  ca.  0,6  g. 

P[MW/gl 


Abb.  11.  Zersetzung  getrockneter  stabilisierter  und  nicht  stabilisierter  PVK  bei  80°C  (hohe 
Einwaage) 
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Abb.  12.  Zersetzung  getrockneter  stabilisierter  PVK  bei  80°C  (je  ca.  600  mg  Einwaage, 
Stabilisator  Ak  II) 


NMR-Untersuchungen  belasteter  Proben 

Thermisch  belastete  Proben  aus  der  WarmefluBkalorimetrie  wurden  NMR-spektroskopisch  un- 
tersucht.  Femziel  dieser  Untersuchungen  war  es,  die  chemische  Struktur  der  entstehenden  Zer- 
fallsprodukte  zu  ermitteln  und  den  zeitlichen  Verlauf  ihrer  Konzentration  in  Abhangigkeit  von 
der  Lagerzeit  zu  ermitteln.  Zu  diesem  Zweck  wurden  verschiedene  NMR-Techniken  angewandt, 
so  (eindimensionale)  'H-  und  '^C-NMR-Spektroskopie  und  2D-NMR-Spektroskopie  ('H-’H- 
Korrelation  und  verschiedene  'H-'^C-Korrelationstechniken).  Detaillierte  Angaben  werden  in 
veroffentlicht. 

Die  NMR-Spektren  unbelasteter  PVK’s  in  Aceton-dj  zeigen  drei  Multipletts  fur  die  Protonen  des 
Nitroglycerins  bei  5,9;  5,1  und  4,9  ppm.  Im  '^C-NMR  liegen  die  Signale  bei  chemischen  Ver- 
schiebungen  von  76,5  (CH-)  und  69,8  ppm  (CH2-Gruppe). 

Die  Resonanzen  der  Nitrocellulose  sind  sowohl  im  'H-  als  auch  im  '^C-NMR  nur  als  breite  klei- 
ne  Hugel  sichtbar.  Qualitative  oder  gar  quantitative  Aussagen  oder  Zuordnungen  dieser  Signale 
zu  bestimmten  fiinktionellen  Gruppen  sind  nicht  moglich.  Insofem  kann  der  EinfluB  der  Zerset¬ 
zung  der  Sprengble  auf  die  Nitrocellulose  nicht  ermittelt  werden.  Der  EinfluB  der  Nitrocellulose 
auf  die  Zersetzung  der  Sprengole  ist  nur  indirekt  liber  den  Vergleich  der  PVK  mit  reinem  Nitro¬ 
glycerin  moglich  (vgl.  Abb.  7). 

Geringfligig  belastete  Proben  zeigen  ein  charakteristisches  'H-NMR-Spektrum  (s.  Abb.  13).  Es 
konnten  mit  Hilfe  der  oben  angegebenen  Kopplungstechniken  die  sieben  in  Abb.  14  genannten 
Stoffe  identifiziert  werden.  Im  Beginn  der  Zersetzxmg  (Energieabgabe  0,4  J/g  noch  vor  dem 
ersten  Maximum)  sind  Signale  elner  bislang  nicht  identifizierten  Verbindimg  zu  sehen,  die  im 
ersten  Maximum  wieder  verschwunden  sind. 


ppm 
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Abb.  13.  'H-NMR-Spektrum  (Ausschnitt)  einer  belasteten  Probe  (PVK  B) 
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Abb.  14.  Mittels  NMR-Spektroskopie  identifizierte  Verbindungen  (Reaktionsprodukte  des  Ngl) 


Abb,  15. 2D-NMR  ('H-/  H-Korrelation)  der  belasteten  PVK  B  (Energieabgabe  ca.  280  J/g) 

Diese  Stoffe  bilden  sich  nicht  alle  zur  gleichen  Zeit.  Um  die  zeitliche  Entstehung  zu 
dokumentieren,  haben  wir  die  Autokatalyse  nach  verschiedenen  Zeitpunkten  (bzw. 
Energieabgaben)  abgebrochen  und  die  loslichen  Reaktionsprodukte  NMR-spektroskopisch 
quantitativ  erfaUt.  In  Tabelle  4  sind  die  Ergebnisse  dieser  Untersuchungen  zusammengestellt. 

Tabelle  4:  Relativer  Gehalt  der  Dinitroglycerine  bezogen  auf  den  Nitroglyceringehalt  nach 
Lagerung  bei  80°C,  bezogen  auf  100%  =  Summe  der  drei  Verbindungen  (Der  Absolutgehalt  ist 
mittels  NMR  nur  schwierig  zu  bestimmen,  da  ein  vielfSltiges  Produktgemisch  vorliegt  und  das 
entstehende  polymere  Material  unloslich  ist). 


Energieabgabe 

[J/g] 

Anteile 

Trinitroglycerin  1 

Anteile  1,3- 
Dinitroglycerin  2 

Anteile  1,2- 
Dinitroglycerin  3 

0 

100 

0 

0 

5 

94 

6 

0 

68 

50 

30 

20 

281 

59 

26 

15 

630 

26 

48 

26 

1400 

19 

54 

27 

Alle  Messungen  wurden  mit  PVK  B  durchgefuhrt. 
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Nach  kurzzeitiger  Belastung  bis  zum  ersten  Minimum  (Abb.  4;  Energieabgabe  ca.  5  J/g)  haben 
sich  etwa  6  %  des  Nitroglycerins  in  1,3 -Dinitroglycerin  umgewandelt  und  eine  Spur  von  1,2- 
Dinitroglycerin  ist  erkennbar. 

Im  weiteren  Verlauf  nimmt  der  Nitroglyceringehalt  rasch  ab;  in  der  Nahe  des  Maximums  setzt 
ein  erheblicher  Gewichtsverlust  ein  (vgl.  Tab.  3b).  Gleichzeitig  bildet  sich  eine  polymere  pastose 
Masse,  die  gemaU  NMR-Spektrum'  zahlreiche  Ester-  oder  Carbonsauregruppierungen  au^eist 
und  vermutlich  aus  einer  Reaktion  von  entstandenen  Glycerinmono-  oder  -dicarbonsauren  mit 
Glycerin  o.  a.  gebildet  wurde.  Diese  Masse  weist  unter  NOx-Atmosphare  eine  intensiv  griinliche 
Farbung  auf,  an  Luft  ist  sie  weiB.  Bei  Unterbrechung  der  Autokatalyse  und  Abktihlen  der  Reak- 
tionsmischung  auf  Raumtemperatur  wird  diese  griine  oder  weiBe  Masse  innerhalb  von  einigen 
Wochen  durch  den  dichten  VerschluB  des  MeBgefaBes  nach  auBen  gedruckt.  Treibende  Kraft  ist 
hierbei  die  Bildung  von  NO^  und  damit  verbunden  ein  erheblicher  Druckaufbau.  Diese  Auto¬ 
katalyse  bei  Raumtemperatur  wird  durch  eine  eindrucksvolle  Bilderserie  (auf  dem  Poster)  belegt. 


Qex-Untersuchungen 

Die  Bestimmung  der  Explosionswarme  ergab  fur  das  nicht  stabilisierte  feuchte  PVK  B  6587  J/g, 
fUr  das  stabilisierte  feuchte  PVK  N  6151  J/g.  Die  bei  der  Umsetzung  entstehende  polymere 
Masse  hat  dagegen  nur  noch  eine  Explosionswarme  von  nmd  4300  J/g.  Die  Differenz  entspricht 
grOBenordnungsmaBig  dem  Energieverlust  wahrend  der  WarmefluBkalorimetrie. 


Bewertung 

Die  feuchten  ^  PVK  zeigen  -  sowohl  stabilisiert  als  auch  unstabilisiert  -  keine  Neigung  zu  auto- 
katalytischer  Zersetzung  innerhalb  von  5  Tagen  bei  80°C.  Bei  Temperaturen  >  50°C  kbnnen  die 
spezifischen  Warmeproduktionsraten  nach  Arrhenius  ausgewertet  werden  (s.  Abb.  3  und  Tab.  2). 
Die  durchgefuhrten  Messungen  (s.  Abb.  1  und  2)  zeigen,  daB  bei  alien  Temperatmen  nach  kurzer 
Zeit  eine  konstante  Zersetzungsrate  erreicht  wird.  Eine  Autokatalyse  bei  Lagertemperatur  (15  < 

T  <  30°C)  kann  fur  die  feuchten  Pulvervorkonzentrate  innerhalb  der  ublichen  Lagerzeit  von 
maximal  3  Jahren  mit  an  Sicherheit  grenzender  Wahrscheinlichkeit  ausgeschlossen  werden. 

Die  adiabatische  Selbstaufheizung  des  getrockneten  PVK  ist  im  doppelten  Sinne  eine  „worst 
case“-Betrachtung,  da 

1)  im  Realfall  immer  eine  Ableitung  der  durch  die  Zersetzungsreaktion  erzeugten  Warme  des 
PVK  an  die  Umgebung  erfolgt  und 

2)  das  PVK  alkoholfeucht  vorliegt  (was  wie  oben  dargelegt,  einen  Eintritt  in  die  autokatalytische 
Zersetzungsreaktion  verhindert  oder  zumindest  stark  verzOgert). 

Bewertung  PVK  B 

Bei  70°C  wurde  -  vor  Beginn  der  Autokatalyse  -  ein  uber  68  h  konstanter  WarmefluB  von  2,8 
|iW/g  gemessen  (s.  vorletzter  Eintrag  in  Tab.  3),  der  einer  Warmemenge  von  0,69  J/g  entspricht. 
Die  spezifische  Warme  des  Systems  betragt  bei  30°C  1,55  J/(g-K).  Die  maximal  mogliche  (adia¬ 
batische)  Erwarmung  des  PVK  ist  daher  lediglich  0,69/1,55  =  0,44  K.  Nimmt  man  (wiederum  als 


'  Problematisch  ist  die  geringe  LOslichkeit  dieser  Masse,  so  daB  zur  Zeit  nur  der  in  Aceton  Idsliche  Anteil  aufgrund 
seiner  NMR-Signale  beurteilt  werden  kann. 

^  Feucht  bedeutet  in  diesem  Zusammenhang  alkoholfeucht.  Ein  Mindestgehalt  muB  eingehalten  werden,  da  eine 
Verringerung  des  Alkoholgehalts  z.B.  von  7%  auf  1%  eine  wesentliche  Beschleunigung  der  Zersetzungsreaktion 
bewirkt. 
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„worst  case“)  die  niedrigsten  berechneten  Aktivierungsenergien  von  130  kJ/mol,  so  entsprechen 
68  h  Lagerzeit  3,2  Jahren  bei  30°C  (bzw.  von  2,9  Jahren  bei  adiabatischen  Lagerbedingungen). 
Das  bedeutet,  dafi  die  Zeit  bis  zur  Autokatalyse  der  trockenen  PVK  selbst  unter  adiabatischen 
Lagerbedingungen  bei  einer  Starttemperatur  von  30°C  langer  als  2,9  Jahre  ist. 

Somit  ist  fur  eine  Selbstentziindung  von  PVK  selbst  unter  „worst  case“-Bedingungen  eine  Vor- 
laufzeit  von  Jahren  notwendig  und  damit  die  Wahrscheinlichkeit  einer  Selbstentziindung  auBer- 
ordentlich  gering.  Dies  gilt  nur  fur  den  Zustand  vor  der  Autokatalyse.  Sobald  diese  eingetreten 
ist,  erreicht  das  PVK  einen  Reaktionszustand,  in  dem  bei  ilblichen  Geometrien  der  Packgebinde 
und  Lagertemperaturen  durchaus  mit  einer  Selbstentziindung  zu  rechnen  ist. 

Die  kritische  Temperatur  fur  ein  Gebinde  aus  4  •  5  Packeinheiten,  das  als  unendliche  Platte  mit 
einer  Dicke  von  0,42  m  angenommen  wurde,  liegt  bei  21  °C  im  Maximum  der  Reaktion  (spezif. 
Warmeproduktionsrate  bei  80°C  200  mW/g,  E,  130  kJ/mol,  vorexp.  Faktor  3.5'10^’  W/kg, 
Warmeleitfahigkeit  0,21  W/(m'K)). 


Zusammenfassung 

Es  wurde  die  autokatalytische  Zersetzung  verschiedener  PVK-Typen  mittels  WarmefluBkalori- 
metrie  untersucht.  Dabei  wurde  festgestellt,  daB  -  nach  einer  Periode  mit  vergleichsweise  sehr 
geringen  Warmeproduktionsraten  -  eine  kurze  Vorreaktion  und  anschlieBend  eine  heftige  auto- 
katal54ische  Zersetzungsreaktion  eintritt.  Der  Zeitpunkt  dieser  Autokatalyse  hangt  von  folgenden 
Faktoren  ab; 

•  Alkohol-  (Feuchte-)  Gehalt  der  Proben  (alkoholhaltige  PVK  neigen  nicht  zur  Autokatalyse) 

•  Lagertemperatur  (es  liegt  in  etwa  der  Faktor  2!4  bis  3 'A  pro  10°C  Temperaturunterschied) 

•  enthaltener  Stabilisator  (die  stabilisierende  Wirkung  von  Akardit  II  ist  grSBer  als  die  von 
2-NO2-DPA) 

•  enthaltenes  Sprengol  (nitroglycerinhaltiges  PVK  zeigt  deutlich  hOhere  Warmeproduktions¬ 
raten  als  DEGN-haltiges  PVK) 

•  Versuchsaufbau  (hohere  Einwaagen  fiihren  zu  einem  rascheren  Eintritt  in  die  Autokatalyse; 
bei  Einwaagen  <  100  mg  wird  keine  Autokatalyse  mehr  beobachtet) 

Bei  der  Zersetzung  entsteht  2umachst  eine  unbekannte  Verbindung  geringster  Konzentration, 
danach  1,3-Dinitroglycerin,  spater  wird  auch  1,2-Dinitroglycerin  gebildet.  Unter  den  Versuchs- 
bedingungen  entstehen  dann  Nitroglycerin-carbonsauren  sovvie  Oxalsaure  und  eine  weiBe  poly- 
mere  Masse,  deren  Struktur  noch  nicht  endgultig  aufgeklart  werden  konnte. 

Erne  Autokatalyse  bei  Lagertemperatur  kaim  flir  die  feuchten  Pulvervorkonzentrate  mit  an 
Sicherheit  grenzender  Wahrscheinlichkeit  ausgeschlossen  werden.  Zu  beachten  ist  jedoch,  daB 
sich  der  Alkohol  in  nicht  dicht  geschlossenen  Behaltnissen  relativ  leicht  verfliichtigt.  Eine  regel- 
maBige  Kontrolle  des  Alkoholgehalts  des  PVK  ist  daher  notwendig.  Die  vorgeschriebenen 
Lagertemperaturen  sind  einzuhalten. 

Trockene  PVK  zeigen.  wenn  sie  unter  hinreichend  lange  und  hohe  Temperaturbelastung  geraten, 
eine  auBerordentlich  heftige  Autokatalyse.  Bis  diese  Autokatalyse  eintritt,  vergeht  jedoch  unter 
vorgegebenen  Lagerbedingungen  ein  Zeitraum  von  mindestens  einigen  Jahren,  selbst  wenn  man 
den  „worst  case"  einer  adiabatischen  Selbstaufheizung  zugrundelegt.  Wird  diese  Autokatalyse 
jedoch  erreicht,  so  ist  mit  einer  Selbstentzundung  der  Packeinheiten  zu  rechnen. 
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Durch  die  Verwendung  des  Stabilisators  2-NDPA  kann  der  Zeitraum  bis  zur  Autokatalyse  noch 
einmal  um  etwa  den  Faktor  20  verlangert  werden.  Die  Verwendung  von  stabilisiertem  PVK  ist 
daher  empfehlensweit.  Die  Stabilitat  Akardit  Il-haltiger  PVK’s  ist  noch  einmal  um  mindestens 
das  zweifache  besser;  hier  konnte  innerhalb  von  25  Tagen  kein  Obergang  in  die  Autokatalyse 
beobachtet  werden. 
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International  Round  Robin  Test  to  Determine  the  Stability  of  DB  Ball  Propellants 
by  Heat  Flow  Calorimetry 

Stephan  Wilker  Pierre  Guillaume  * 


Abstract 

In  this  paper  a  method  for  the  determination  of  the  slow  decomposition  of  propellants  by  heat 
flow  calorimetry  (HFC)  was  tested  amongst  ten  laboratories  in  eight  countries.  As  it  is  known 
that  small  changes  of  sample  preparation  and  measuring  procedure  affect  the  HFC  signal  very 
much  it  was  very  easy  to  detect  whether  the  operational  procedure  was  conducted  in  a  com¬ 
parable  way.  The  results  show  that  -  besides  the  initial  effects  -  the  standard  deviation  of  the 
HFC  curves  at  80°C  were  very  low  which  means  that  the  measuring  principle  proposed  by  PB 
Clermont  and  WIWEB  was  good  enough  to  be  reproduced.  This  method  should  thus  be  inte¬ 
grated  into  a  STANAG  „HFC  of  DB  ball  propellants“. 


Zusammenfassung 

In  dieser  Publikation  wird  eine  Methode  zur  Bestimmung  der  langsamen  Zersetzung  von  TLP 
mittels  WarmefluBkalorimetrie  beschrieben,  die  in  zehn  Laboratorien  in  acht  Landem  durch- 
geflihrt  wurde.  Aus  fruheren  Arbeiten  ist  bekannt,  dafi  geringfugige  Anderungen  bei  der  Pro- 
benvorbehandlung  und  der  MeBdurchfUhrung  einen  groCen  EinfluB  auf  das  MeBsignal  haben. 
Somit  ermdglichen  die  erhaltenen  Ergebnisse  eine  einfache  Oberprufung  der  Obereinstim- 
mung  der  MeBdurchfuhrung.  Die  Ergebnisse  zeigen,  daB  -  abgesehen  von  unterschiedlichen 
Anfangseffekten  -  die  Standardabweichung  der  WarmefluBkurven  bei  80°C  sehr  gering  ist, 
was  nichts  anderes  bedeutet,  als  daB  die  von  PB  Clermont  und  WIWEB  vorgeschlagene  MeB- 
methode  sehr  gut  in  anderen  Laboratorien  reproduziert  werden  kann.  Daher  sollte  diese  Me¬ 
thode  Eingang  in  eine  STANAG-Vorschrift  „WarmefluBkalorimetrie  von  zweibasigen  Kugel- 
pulvem"  finden. 


Introduction 

In  April  1997  ten  scientists  agreed  to  participate  in  a  Round  Robin  Test  dealing  with  micro- 
calorimetric  measurements  of  double  base  ball  propellants.  The  aim  was  to  harmonize  the 
measurement  conditions  and  the  evaluation  procedure  and  to  compare  the  obtained  data.  The 
DP  A  stabilised  propellant  K  6210  was  chosen  because  the  decomposition  of  this  propellant 
was  intensively  investigated  during  the  past  three  years  [1].  Lot  225  was  taken  for  this  test. 

The  participants  of  this  Round  Robin  Test  are  collected  in  table  1 .  Only  the  results  that  were 
available  in  March  1998  are  collected  in  this  paper. 


Wehrwissenschaftliches  Institut  fur  Werk-,  Explosiv-  und  Betriebsstoffe  (WIWEB),  ASt 
Heimerzheim,  GroBes  Cent,  D  53913  Swisttal 
PB  Clermont  SA.,  Rue  de  Clermont,  176,  B-4480  Engis 
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Table  1.  Participants  of  the  Round  Robin  Test  „Heat  Flow  Calorimetry" 


Affilation 

Name 

Address 

Celsius  Materialteknik 

Dr.  L.-G.  Svensson 

Gammelbackavagen  6 

S-69151 

Karlskoga 

DERA 

J.  Dodds 

Fort  Halstead 

TNI  47BP 

Sevenoaks 

ETBS 

Dr.  C.  Bales 

Route  de  Guerry 

F-18015 

Bourges 

ICT 

Dr.  M.A.  Bohn 

J-v-Fraunhofer-Str.  7 

D-76327 

Pfinztal 

PB  Clermont  S.A. 

Dr.  P.  Guillaume 

Rue  de  Clermont,  176 

B-4480 

Engis 

Mrs.  M.  Hihkio 

PL  5 

SF-34111 

Lakiala 

Schweizerische  Mu- 
nitionsunternehmung 

Mrs.  R.  Sopranetti 

CH-3752 

Wimmis 

SNPE  -  CRB 

Mme  M.  Rat 

Botte  Postale  N°  2 

F-91710 

Vert-le-Petit 

TNO  P.M.  Laborat. 

Dr.  N.  v.d.Meer 

Postbus  45 

NL-2280AA  Rijswijk 

WIWEB 

GroBes  Cent 

D-53913 

Swisttal  1 

Program 

To  conduct  a  Round  Robin  Test  it  is  necessary  to  define  as  exactly  as  possible  the  measuring 
conditions.  This  includes  sample  preparation,  preconditioning,  measurement  temperature  and 
time  and  calibration. 

The  following  method  was  evaluated  at  PB  Clermont  and  WIWEB/BICT  during  the  past 
years  and  has  proved  to  be  satisfactory  for  HFC  measurements  of  DB  ball  propellants.  Its  ad¬ 
vantage  is  that  it’s  very  convenient,  reproducible  and  it  gives  results  within  a  few  weeks.  The 
measuring  conditions  are  well-defined  and  are  -  what  is  very  important  -  analogous  to  the 
conditions  in  small  caliber  ammunition.  We  describe  the  measuring  instruction  in  this  paper. 


Sample  Preparation  and  Measurement 

The  ball  propellant  grains  are  taken  as  they  are  (no  cutting  necessary).  From  former  experi¬ 
ence  we  know  that  there  is  a  dependence  of  the  HFC  signal  from  the  moisture  content.  Thus  a 
preconditioning  of  the  propellant  is  recommended.  The  sample  should  be  stored  in  60-69% 
relative  humidity  (21°C)  environment  for  some  days  and  -  for  comparison  reasons  -  used 
unconditioned  under  ambient  conditions.  However  the  moisture  content  of  the  samples  has  to 
be  known  (Karl-Fischer  titration). 

The  HFC  signal  is  also  dependent  from  the  degree  of  filling  (this  is  due  to  oxidation 
reactions).  The  measuring  ampoules  are  filled  up  to  the  top  so  that  the  amount  of  air  inside  is 
minimal.  The  loading  density  is  thus  approximately  0,9  to  1,0  g/ml  (2,7  -  3,0  g  for  a  3  ml 
ampoule).  If  other  ampoules  (e.g.  4  ml)  are  used  the  amount  of  propellant  is  of  course  higher. 
The  closing  of  the  ampoules  must  be  complete  so  that  the  top  can  not  be  turned  around 
manually.  The  closing  can  be  easily  controled  by  looking  at  the  HFC  curve  (see  fig.  1). 

The  measurements  are  done  by  a  TAM  microcalorimeter.  Always  double  or  triple  measure¬ 
ments  are  recommended.  They  start  at  80°C,  followed  by  60°C,  50°C  and  40°C.  Measure¬ 
ments  at  temperatures  below  50°C  are  quite  tricky  and  depending  on  a  good  room  temperature 
Constance.  An  inverse  temperature  program  (from  40  up  to  80°C)  is  not  useful  because  the 
initial  effects  last  very  long  at  lower  temperatures.  But  it  is  possible  to  control  the  values  at  50 
or  60°C  after  the  descending  temperature  program. 
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Fig.  1.  One  example  of  closed  and  non-closed  ampoule  measurements  of  K  6210,  lot  219, 
(stabiliser  content  analysed  at  the  end  of  the  measurement). 

Before  measurement  the  system  is  calibrated.  A  stable  baseline  (minimum  12  h  of  stability) 
must  be  waited  for,  that  means  the  base  line  drift  and  the  noise  should  be  below  the  specifica¬ 
tion  of  the  TAM  apparatus.  On  the  reference  side  empty  ampoules  are  used  (inert  material  like 
sand  on  the  reference  side  has  no  effect  on  the  stability  of  the  signal,  but  in  this  case  the  time 
for  equilibration  is  much  longer).  The  lowest  possible  measuring  range  for  calibration  and 
measurement  should  be  used  (e.g.  300  pW  for  80°C,  100  pW  for  60°C,  30  pW  for  50°C  and 
10pWfor40°C). 

The  „Switch  technique"  must  be  used  to  be  sure  of  the  niveau  of  the  true  baseline  at  50/40°C 
measurements.  Switch  technique  means  exchanging  sample  and  reference  ampoule  to  obtain 
the  negative  signal.  The  „Switch  technique"  needs  a  time  of  at  least  20  min  in  the  park  posi¬ 
tion  before  putting  the  switched  samples  down  into  the  measuring  position.  Otherwise  the 
thermal  equilibrium  might  be  disturbed  too  much.  The  same  is  true  for  the  „re-switch“.  The 
switched  measurement  should  last  at  least  several  hours  (e.g.  over  night).  Alternatively  both 
sample  and  reference  can  be  put  up  into  the  park  position.  Thus  a  „zero  against  zero"  baseline 
measurement  is  possible.  For  data  evaluation  the  measured  values  have  to  be  corrected  with 
the  „real  zero".  Fig.  2  shows  a  Switch  and  a  Switch/baseline  experiment. 

The  measuring  time  of  8  days  at  80°C  is  recommended  to  reach  a  constant  niveau.  The  lower 
temperature  HFC  measurements  should  be  run  until  a  constant  level  is  reached.  Constant  level 
in  this  case  means  a  variation  of  <10  %  of  the  signal  within  a  period  of  24  h.  The  use  of  the 
park  position  for  about  20  minutes  prior  to  a  measurement  is  possible  but  not  really  necessary. 

If  endothermic  peaks  due  to  gas  evolution  occur  at  the  end  of  the  80°C  measurement  the 
control  -  and  if  necessary  the  correction  -  of  the  closing  of  the  ampoules  is  recommended 
before  the  samples  are  measured  at  lower  temperatures. 


2 


Time  [day] 


Fig.  2.  Measurements  showing  a  Switch  and  a  combined  Switch-baseline  experiment 

P.  nw/g  PBC  PRC  WIWEB  SNPE 


6  Time,  day 


Fig.  3.  Explanation  of  maxima,  minima,  „Knick“,  and  90%  value  (see  text).  K  6210,  lot  223. 
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HFC  Results 

At  first  the  values  at  different  temperatures  deriving  from  all  laboratories  are  compared  to 
look  at  the  „qualitiy“  of  measurement.  As  mentioned  before  the  shape  of  the  80°C  curve  is 
very  dependent  on  the  humidity  of  the  propellant,  on  the  degree  of  filling  and  on  the  closing 
of  the  ampoules.  So  we  separated  the  evaluation  into  samples  with  and  without 
preconditioning.  We  took  out  values  and  time  of  some  very  special  points  of  the  curve  (l“‘ 
maximum,  „Knick“,  1^'  minimum,  intersection  value,  2"“*  maximum  and  the  2"^  minimum)  and 
compared  the  results  from  different  laboratories.  The  intersection  point  is  consistent  with  the 
graphically  estimated  point  of  intersection  where  the  tangent  of  the  decreasing  part  of  the 
curve  meets  the  tangent  going  through  the  point  of  inflexion  between  the  first  minimum  and 
the  second  maximum  (see  fig.  3).  It  is  taken  because  it  is  much  easier  to  determine  in  time  and 
heat  flow  than  the  second  maximum  itself  Its  value  is  about  90%  of  the  heat  flow  of  the  2"“' 
maximum. 

All  average  values  are  collected  in  table  2  (80°C).  The  results  of  the  60/50/40°C 
measurements  are  collected  in  tables  3-5. 

See  fig.  3  for  explanation  of  minima,  Knick  and  maxima. 


Table  2.  Averages  of  measurements  at  T  =  80°C 


labs  A-F 

precond. 

P/1,  max. 

1/1.  max. 

P/Knick 

t/Knick 

P/1,  min. 

t/1.  min. 

[pW/g] 

[h] 

[pW/g] 

[d] 

[pW/g] 

[d] 

Average 

Y 

68,2 

2,62 

22,2 

1,09 

20,4 

1,74 

Standard  deviation 

Y 

8,32 

1,24 

1,20 

0,10 

1,33 

0,15 

Rel.  standard  dev. 

Y 

12,2% 

47,4% 

5,4% 

8,8% 

6,5% 

8,5% 

Average 

N 

65,9 

2,26 

22,7 

1,12 

20,7 

1,70 

Standard  deviation 

N 

5,54 

1,37 

0,81 

0,23 

0,93 

0,10 

Rel.  standard  dev. 

N 

8,4% 

60,5% 

3.6% 

20,2% 

4,5% 

5,7% 

Explanation;  labs  A-F;  laboratories  participated  in  these  measurements;  precond.  =  preconditioning  (Yes/No); 
P/1  .max.  =  value  at  the  l”  maximum;  t/1 .  max  =  time  of  l”  maximum;  P/Knick  =  value  of  Knick;  t/Knick  =  time 
of  Knick;  P/1,  min.  =  value  at  l”  minimum;  t/1.  min.  =  time  of  l”  minimum 


Table  2  fcontdi.  Averages  of  measurements  at  T  =  80°C 


labs  A-F 

precond. 

P/inters 

t/inters 

P/2,  max. 

t/2.  Max. 

P/end 

t/end 

Qg 

[pW/g] 

[d] 

[pW/g] 

[d] 

[pW/d] 

[d] 

[J/g] 

Average 

Y 

79,4 

3,56 

87,2 

4,13 

78,3 

7,68 

42,2 

Standard  deviation 

Y 

4,72 

0,13 

6,02 

0,13 

a) 

a) 

a) 

Rel.  standard  dev. 

Y 

5,9% 

3,6% 

6,9% 

3,1% 

a) 

a) 

a) 

Average 

N 

78,1 

3,46 

87,0 

4,27 

79,6 

7,93 

41,9 

Standard  deviation 

N 

1,47 

0,23 

1,73 

0,26 

a) 

a) 

a) 

Rel.  standard  dev. 

N 

1,8% 

6,7% 

2.0% 

6,2% 

a) 

a) 

a) 

a)  not  useful  (different  times  of  end  of  measurement) 

Explanation:  P/inters  =  value  at  the  intersection  point;  t/inters  =  time  of  the  intersection  point;  P/2.max.  =  value 
at  the  2"'*  maximum;  t/2.  max  =  time  of  2"''  maximum;  P/end  =  value  of  the  end  of  measurement;  Qg  =  total 
energy  released  during  measurement. 


Fig.  4.  Comparison  of  preconditioned  and  non-conditioned  samples  at  80°C 


P[nW/g]  T  =  60°C 


Fig.  5.  Comparison  of  results  at  60°C. 

1  =  lab.  A;  conditioned  sample;  measured  at  80  60°C 

2  =  lab.  B;  unconditioned  sample;  measured  at  80  ->  60°C 

3  =  lab.  C;  unconditioned  sample;  measured  at  80  ->  70  60°C 
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Table  3.  Averages  of  measurements  at  T  =  60°C 


labs  A-D,  F 

precond. 

P/2d 

P/4d 

P/6d 

P/8d 

meas.  time 

Qg 

[pW/g] 

[pW/g] 

[pW/g] 

[pW/g] 

[d] 

[J/g] 

average 

Y 

8,73 

7,85 

7,61 

7,77 

4-12 

2-10 

std.  dev. 

Y 

1,48 

1,44 

1,50 

1,79 

- 

- 

average 

N 

7,77 

7,18 

6,92 

6,72 

4-11 

1  -8 

std.  dev. 

N 

1,03 

0,98 

1,17 

0,53 

- 

Table  4.  Averages  of  measurements  at  T  =  50°C 


labs  A-D,  F 

precond. 

P/2d 

P/4d 

P/6d 

P/8d 

meas.  time 

Qg 

[pW/g] 

[pW/g] 

[pW/g] 

[pW/g] 

[d] 

[J/g] 

average 

Y 

2,58 

2,42 

2,30 

- 

6-9 

1-2,3 

std.  dev. 

Y 

0,48 

0,49 

0,52 

- 

- 

- 

average 

N 

1,86 

1,71 

1,65 

1,67 

6-23 

0,8 -4,8 

std.  dev. 

N 

0,20 

0,20 

0,20 

- 

Table  5.  Averages  of  measurements  at  T  =  40°C 


labs  A-D,  F 

precond. 

P/2d 

P/4d 

P/6d 

P/8d 

meas.  time 

Qg 

[pW/g] 

[pW/g] 

[pW/g] 

[pW/g] 

[d] 

[J/g] 

average 

Y 

0,870 

0,789 

0,757 

- 

6-20 

0,3-  1,0 

std.  dev. 

Y 

0,085 

0,108 

0,110 

- 

- 

- 

average 

N 

0,689 

0,586 

0,560 

- 

6,5  -  20 

0,2-  1,0 

std.  dev. 

N 

0,049 

0,074 

0,078 

- 

- 

- 

a)  all  values  are  corrected  by  Switch  and/or  baseline  experiments  (see  fig,  1) 


Discussion 

After  all  the  data  were  collected  and  analysed  by  comparison  (see  tables  2-8)  and  by  statistical 
analysis  (see  table  9).  To  find  out  the  differences  between  samples  with  and  without  precon¬ 
ditioning  they  were  evaluated  separately.  It  was  also  necessary  to  give  details  of  the  measu¬ 
ring  conditions  (type  of  cell  used).  The  details  of  all  measurements  are  published  in  the  final 
report  of  the  Round  Robin  Test  [5],  Some  examples  are  picked  out  in  the  following  tables. 

The  preconditioning  has  large  effects  at  SO^C  only  on  the  samples  of  laboratory  D  because  the 
measurements  were  conducted  in  winter  with  a  very  low  humidity  in  the  laboratory.  Espe¬ 
cially  the  value  of  the  second  maximum  of  the  80°C  measurement  differs  between  conditio¬ 
ned  and  unconditioned  samples.  In  all  other  cases  the  effects  of  preconditioning  were  ne¬ 
gligible  and  differ  in  both  directions  (higher  and  lower  values  can  be  found)  from  the  values 
of  unconditioned  samples. 

Whereas  the  first  maximum  is  quite  dependent  of  the  experimental  procedure  in  the  beginning 
the  following  points  of  the  80°C  curves  are  quite  indifferent  towards  it.  So  there  are  big  stan¬ 
dard  deviations  of  heat  flow  and  time  of  the  first  maximum.  The  best  agreement  was  the  time 
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and  the  value  of  the  second  maximum.  This  is  the  period  where  the  DPA  is  nearly  totally  con¬ 
sumed. 

The  second  maximum  indicates  the  maximum  of  N-NO-DPA  content  and  the  reduction  of 
DPA  to  a  very  low  value.  DPA  reaches  nearly  zero  after  8  days  at  80°C.  Comparing  the  mea¬ 
surements  of  conditioned  and  unconditioned  samples  there  is  no  big  difference  between  the 
two  (neither  in  value  nor  in  time;  and  the  standard  deviation  is  quite  comparable)  except  for 
the  measurements  in  laboratory  D  as  mentioned  earlier.  It  is  probably  not  useful  to  discuss  in 
detail  small  differences  in  HFC  value.  What  can  be  seen  is  that  the  standard  deviation  of  HFC 
values  is  somewhat  smaller  using  nonconditioned  samples  whereas  the  standard  deviation  of 
the  measuring  times  to  reach  the  different  points  of  the  curve  is  smaller  with  preconditioned 
samples. 

Interestingly  there  is  nearly  no  difference  between  measurements  in  glass  or  in  steel  (Inox) 
ampoules  if  the  other  parameters  like  closing,  degree  of  filling  and  preconditioning  are 
comparable. 


Table  6.  Details  of  80°C  measurements.  (Average  =  average  of  all  measurements  of  precond. 
samples).  Abbreviations  see  table  2. 


Sample  N° 

ampoule 

a 

precondition. 

K.F. 

P/1 .  max. 

t/1.  max. 

Knick 

t/Knick 

lisn 

[%] 

[pW/g] 

[h] 

[pW/g] 

[d] 

AI 

INOX 

5 

65%r.H./3  d 

0,60 

73,4 

3,18 

23,6 

1,23 

B6 

Glass 

D 

65%r.H./3  d 

0,62 

62,0 

3,08 

22,8 

1,07 

C23 

Glass 

3 

no 

n.d. 

66,0 

3,22 

22,9 

0,96 

D24 

Glass 

3 

no 

n.d. 

62,4 

0 

22,0 

1,46 

F16 

Glass 

Qj 

0%r.H. 

0,20 

59,0 

5,02 

19,7 

1,34 

Average 

_ 

68,2 

2,62 

22,2 

1,09 

Table  6  (contd.) 


Sample  N" 

P/1,  min. 

t/1.  min. 

P/inters 

t/inters 

P/2,  max. 

t/2.  Max. 

P/end 

t/end 

Qg 

[pW/g] 

[d] 

[pW/g] 

[d] 

[pW/g] 

[d] 

[pW/d] 

[d] 

[J/g] 

Al 

22,5 

1,67 

86,1 

3,45 

- 

- 

87,2 

8,00 

44,3 

B6 

21,0 

1,75 

77,3 

3,49 

85,6 

4,08 

72,5 

7,94 

40,1 

C23 

20,4 

1,79 

78,4 

3,56 

87,9 

4,36 

80,8 

7,89 

40,8 

D24 

20,6 

1,83 

60,6 

3,17 

67,2 

3,83 

54,3 

6,33 

41,1 

F16 

18,4 

1,91 

60,2 

3,70 

66,9 

4,18 

46,6 

8,00 

30,0 

Average 

20,4 

1,74 

79,4 

3,56 

87,2 

4,13 

78,3 

8,83 

. 

The  difference  between  preconditioning  and  no  preconditioning  is  much  bigger  at  60°C.  After 
6  days  for  example  the  average  value  differs  between  7,6  pW/g  (precond.)  and  6,9  pW/g  (no 
precond.).  The  increase  in  average  value  after  6  and  8  days  is  due  to  the  reduced  number  of 
samples,  there  is  no  increase  in  value  itself  To  show  the  slow  decrease  we  put  the  values  at 
the  end  of  the  measurement  and  at  one  day  before  the  end  in  two  columns.  The  reduction  of 
the  value  is  about  60  nW  in  the  last  24  hours  so  it  can  be  regarded  as  being  constant  enough. 
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Table  7.  Detailed  values  at  60°C. 


lab. 

V 

ampoule 

precond. 

meas. 

program 

P/2d 

P/4d 

P/6d 

P(end-ld) 

P/end 

meas. 

time 

Qg 

fBgn 

[%r.H] 

[pW/g] 

[pW/g] 

[pW/g] 

[pW/g] 

[pW/g] 

[d] 

[J/g] 

m 

B 

INOX 

65 

80->60 

11,30 

10,41 

9,88 

9,48 

9,44 

11,01 

10,1 

■ 

B 

GLASS 

65 

80->60 

8,48 

7,37 

6,87 

6,12 

6,04 

12,21 

7,75 

SI 

B 

GLASS 

69 

80-^60 

7,43 

7,10 

7,00 

6,99 

7,02 

6,50 

4,25 

D2 

3 

GLASS 

69 

80,60,50, 

40->60 

5,71 

5,47 

5,79 

5,47 

4,00 

1,81 

C 

3 

GLASS 

no 

80^70 

->60 

7,56 

7,21 

7,21 

7,21 

7,31 

7,02 

4,46 

■ 

GLASS 

0 

80->60 

4,75 

4,23 

3,93 

3,93 

3,81 

7,13 

2,72 

average 

- 

- 

- 

8,73 

7,85 

7,61 

- 

- 

- 

- 

a)  average  of  all  preconditioned  samples,  precond.  =  %rH  of  preconditioning;  meas.  program  =  temperature 
program;  P/2d  =  heat  flow  after  2  days;  P(end-ld)  =  heat  flow  one  day  before  the  end  of  the  measurement;  P/end 
=  heat  flow  at  the  end.  See  also  table  2. 


Interestingly  laboratory  D  had  measured  the  sample  again  at  60°C  after  the  whole  temperature 
program  (table  7,  entry  D2).  The  HFC  value  has  dropped  down  to  about  4  pW/g,  reaching  a 
constant  level  quite  fast.  Even  the  sample  C  (no  preconditioning)  that  had  been  measured  at 
70°C  prior  to  60°C  shows  a  lower  heat  flow  value  than  the  others.  The  time  to  reach  a 
constant  niveau  is  also  much  faster.  The  (possible)  reason  for  this  is  explained  later  on.  The 
dried  sample  (lab.  F)  shows  severe  differences  in  HFC  value  compared  to  the  other  samples. 

The  same  is  true  for  the  50®C  measurement  (tables  4  and  8).  Here  we  also  find  bigger 
differences  between  the  samples’  preconditioning:  2,30  pW/g  (precond.)  and  1,65  pW/g  (no 
precond.)  after  6  days.  At  the  end  the  signal  was  constant  enough  for  evaluation  (decrease  of 
20-50  nW  in  the  last  24  hours). 

If  the  sample  comes  directly  from  80°C  to  50°C  the  HFC  value  is  much  higher  (see  entry  Cl) 
and  the  time  to  rach  a  constant  level  is  much  longer  whereas  if  70°C  had  also  been  measured 
this  time  is  much  shorter.  This  shows  that  an  exact  temperature  program  must  be  kept. 


Table  8.  Detailed  values  at  50°C.  Abbreviations  see  table  7. 


lab. 

1 

ampoule 

precond. 

meas. 

program 

P/2d 

P/4d 

P/6d 

P(end  -  Id) 

P/end 

meas. 

time 

Qg 

fsni 

[%  r.H.] 

[pW/g] 

[pW/g] 

[pW/g] 

[pW/g] 

[pW/g] 

[d] 

[J/g] 

■ 

B 

GLASS 

65 

80,60,50 

2,23 

2,13 

2,03 

2,00 

1,98 

7,60 

1,48 

B 

B 

GLASS 

65 

80,60,50 

1,89 

1,71 

1,77 

1,66 

1,67 

8,04 

1,17 

B 

B 

INOX 

no 

80,60,50 

1,94 

1,77 

1,65 

1,63 

1,61 

8,00 

1,31 

B 

B 

GLASS 

no 

80,50 

3,50 

2,90 

2,58 

1,76 

1,72 

22,68 

4,69 

C2 

3 

GLASS 

no 

80,70,60, 

50 

2,03 

2,00 

1,98 

1,98 

2,01 

6,86 

1,09 

B 

GLASS 

no 

80,60,50 

2,23 

2,06 

1,97 

1,94 

1,91 

8,05 

1,32 

average 

2,58 

2,42 

2,30 

- 

- 

- 

- 

The  averages  of  the  preconditioned  samples  (0,76  vs.  0,56  pW/g  after  6  days)  at  40°C  (see 
table  5)  are  still  higher  than  those  of  the  unconditioned  ones.  Nearly  all  measurements  are 
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corrected  with  the  Switch.  The  baseline  is  never  at  zero  but  differs  about  50  to  80  nW  in  both 
directions.  This  is  in  the  range  of  the  value  of  the  detection  limit  which  we  know  from 
calibration  experiments  we  conducted  in  the  last  months  [2].  They  show  that  the  „correct“ 
values  can  be  slightly  different  from  the  observed  ones.  If  the  data  evaluation  is  done  by 
Arrhenius  plot  these  small  differences  can  cause  a  change  in  slope  and  though  in  activation 
energy  and  preexponential  factor,  especially  at  lower  temperatures. 

At  the  end  the  signal  was  constant  enough  for  evaluation  (decrease  of  20-50  nW  per  day). 


Statistical  evaluation  of  data 

By  calculating  the  performance  index  using  formula  (1)  the  quality  of  the  obtained  data  can  be 
checked.  As  the  80°C  measurement  does  not  deliver  a  single  value  (like  in  HPLC  tests)  but  a 
complex  curve  we  took  out  the  intersection  point  (see  explanations  to  table  2)  and  looked  at 
the  value  and  at  the  time  of  it.  The  results  are  divided  into  conditioned  and  unconditioned 
samples. 


PI 


,,  10.000 

N 


(1) 


Cj  =  average  of  laboratory;  c,*  =  average  of  all  laboratories;  N  =  number  of  samples;  =  standard  deviation  of  all 
samples 

Because  there  is  no  „true  value**  for  the  HFC  measurement  we  took  the  average  of  all  measu¬ 
rements  (but  conditioned  and  unconditioned  separately)  as  Cj*.  The  |  z  |  score  is  calculated 
with  formula  (2);  the  average  value  of  the  unconditioned  samples  does  not  contain  the  pW 
values  of  lab  D,  because  they  are  much  lower  due  to  low  humidity  of  the  propellant  (see 
above).  A  performance  index  <  100  and  a  |  z  I  score  <  2  can  be  regarded  as  satisfactory.  In  fact 
for  both  value  and  time  of  the  intersection  point  all  laboratories  reach  this  goal. 


(2) 


Table  9.  Performance  index  and  |  z  I  scores  for  the  intersection  value  and  time  at  80°C 


cond.  samples 

uncond.  samples 

Lab. 

PI  value 

PI  time 

1  z  1  score 
value 

|z|  score 
time 

PI  value 

PI  time 

1 

i 

|z|  score 
value 

1  z  1  score 
time 

25,57 

2,00 

1,47 

1,90 

30,94 

-1,27 

0,54 

0,05 

0,15 

0,72 

1,60 

0,90 

0,38 

49,10 

7,12 

-1,67  1 

1,06 

0,00 

5,54 

0,05 

0,70 

2,49 

10,82 

-1,31 

26,10 

mMmam 

wm 

7,81 

1,64 

0,67 

0,51 

- 

- 

- 

0,86 

4,97 

0,16 

0,63 

0,02 

4,09 

0,08 

PI  =  performance  index;  a)  =  value  not  in  average 


The  higher  performance  index  and  I  z  |  score  of  time  of  the  intersection  value  of  the  uncondi¬ 
tioned  samples  is  due  to  some  differences  between  early  (labs  A,  D)  and  late  (labs  B,  C) 
second  maximum,  which  is  also  visible  in  the  relatively  high  standard  deviation. 
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Fig.  6.  Performance  Index  of  heat  flow  at  the  intersection  point 


Fig.  7.  I  z  I  score  of  time  of  in  tersection  point.  There  is  no  value  of  non  conditioned  sample 
from  lab.  E  available.  All  laboratories  fit  the  limit  of  -2  <  |  z  |  <2,  which  is  also  true  for  the 
heat  flow  at  the  intersection  point. 

Evaluation  of  stability  of  propellants 

There  are  two  possibilities  of  evaluation  for  this  purpose. 

The  first  is  the  calculation  of  service  life  analogously  to  the  formula  presented  in  the  TL  and 
at  the  TTCP  workshop  [1].  The  first  step  is  to  establish  an  Arrhenius  plot  (formula  3).  The 
determination  of  the  correlation  coefficient  from  all  measurements  is  useful  to  get  a  feeling 
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for  the  quality  of  the  data  As  in  nearly  all  cases  a  change  in  slope  at  about  60°C  occurs  two 
Arrhenius  plots  (the  first  with  the  80/60°C  values;  the  second  with  the  60/40°C  values)  have 
to  be  established. 

The  calculation  of  the  time  of  3%  energy  loss  according  to  formula  (4)  as  always  done  by 
WIWEB  is  not  useful  any  more  because  there  is  no  direct  evidence  between  3%  energy  loss 
and  a  significant  and  limiting  loss  of  Vq  at  this  stage  of  decomposition.  Moreover,  long  time 
experiments  show  that  the  decomposition  rate  does  not  remain  constant  over  this  range  of 
energy  loss  (w  120  kJ/mole)  [3]. 

P  =  C*eR*T  (3) 

t  -  Qe.*0.03 

P40*  86400  *365,25 


using 

P  =  heat  flow  [|iW/g]  R  =  universal  gas  constant  [8,31  J‘K'''mor*] 

C  =  preexp.  factor  [W/kg]  t  =  time  [years] 

Ej  =  activation  energy  [kJ/mol]  P40  =  from  (1)  calculated  heat  flow  at  40°C 

T  =  temperature  [K]  Q„  =  heat  of  explosion  [4075  J/g] 

The  calculation  of  the  kinetic  parameters  had  been  done  by  MathCad®  program  using  every 
single  value  (for  tab.  10a)  resp.  average  values  of  the  measurements  (for  table  10b)  at  the  end 
(80'’C)  or  after  6  days  (60/50/40®C).  In  the  following  table  it  can  be  seen  that  there  are  dif¬ 
ferences  in  activation  energy  and  pre-exponential  factor  between  conditioned  and  uncon¬ 
ditioned  samples.  It  is  also  of  importance  that  not  always  all  values  could  be  taken  after  6  days 
(some  measurements  had  been  stopped  earlier;  in  these  cases  the  last  value  has  been  taken). 

If  the  values  80,  60  and  50°C  are  taken  together,  the  activation  energy  changes  a  little  bit  (see 
an  example  in  table  10b).  In  the  case  of  non  conditioned  samples  the  correlation  coefficient  is 
even  a  little  bit  better  if  the  50°C  measurement  is  integrated  into  the  higher  temperature  area. 

The  grey  marked  values  are  not  taken  for  the  average  calculation. 

Table  10a.  Calculation  of  kinetic  parameters  from  different  laboratories 


Ea  80-60 

pF  80-60 

Ea  60-40 

pF  60-40 

KK  80-60 

KK  60-40 

1  sample  precond. 

Lab. 

[kJ/mole] 

[W/kg] 

[kJ/mole] 

[W/kg] 

- 

- 

A 

106 

4E14 

106 

4l-;i4 

0,9994 

0,9990 

B 

125 

2E17 

96 

6E12 

0,9994 

0,9990 

D 

128 

6E17 

120 

4E16 

0,9995 

0,9937 

F 

125 

2E17 

110 

1E15 

1,0000 

0,9999 

'  As  a  general  rule  it  can  be  said  that  if  KK  >  0.999  all  values  can  be  described  by  the  same  straight  line.  If  KK  < 
0.999  then  a  change  in  slope  must  be  assumed  which  means  there  is  no  constant  activation  energy  in  the  whole 
temperature  range. 
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sample  uncond. 

A 

125 

2E17 

104 

1E14 

0,9999 

0,9874 

B 

122 

8E16 

105 

2E14 

0,9999 

0,9933 

C 

115 

7E15 

112 

2E15 

0,9972 

0,9980 

D 

ns 

lh16 

120 

3E16 

0,9998 

0,9999 

F 

121 

6E16 

114 

5E15 

0,9999 

0,9987 

sample  dried 

F 

1.32 

2E18 

120 

3Elf 

0,9996 

0,9987 

Ea  =  activation  energy,  pF  =  pre-exponential  factor,  KK  =  correlation  coefficient 


There  is  a  small  change  in  slope  of  the  Arrhenius  plot  at  about  50-60°C.  This  can  be  found 
with  any  gun  propellant  as  far  as  we  know.  The  „detection  limit"  of  the  activation  energy  is 
about  3  kJ/mole  [2]  which  means  that  these  effects  are  real. 


Arrhenius  plot  K  6210  -  225  samples  precond. 


—  Regression  2 

—  Regression  1 

°  no  jygf  values  of  different  labs 


Fig.  5.  Arrhenius  plot  (all  laboratories;  conditioned  samples) 


The  second  method  for  evaluation  of  stability  is  to  measure  the  time  of  the  2"“'  minimum  and 
extrapolate  it  with  the  activation  energy  on  storage  temperatures  of  e.g.  30°C.  As  we  know 
that  the  shape  of  the  curve  of  fresh  samples  is  very  comparable  also  at  70,  60,  and  50°C  [1] 
the  time  of  the  2"‘*  minimum  is  an  „iso-a-point“  and  therefore  the  calculation  method  is  relia¬ 
ble.  The  problem  of  this  method  is  the  long  measuring  time  of  fresh  samples  at  60°C  or  50°C. 
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Table  lOh.  Activation  energy  and  preexp.  factor  from  all  measurements 


sample  precond. 

sample  non  cond. 

temp. 

range 

activation 

energy 

preexp. 

factor 

■1 

activation 

energy 

preexp. 

factor 

corr. 

coeff 

[°C] 

[kJ/mole] 

[W/kg] 

[kJ/mole] 

[W/kg] 

60-40 

108 

6E14 

0,9917 

112 

2E15 

0,9942 

80-60 

126 

4E17 

0,9995 

120 

5E16 

0,9981 

80-50 

120 

3E16 

0,9987 

120 

6E16 

0,9986 

Arrhenius  plot  K  6210  all  values  uncond. 


—  Regression  2 

—  Regression  I 
nao  av.  values 


Fig.  6.  Arrhenius  plot  (all  laboratories;  unconditioned  samples) 


Chemical  analysis  after  measurement 

To  be  sure  of  the  correctness  of  closing  of  the  ampoules  the  samples  were  analysed  after  the 
HFC  measurements  by  HPLC  and/or  GPC  to  look  at  the  changes  of  the  stabiliser  eontent  and 
its  reaetion  products  and  at  the  molecular  mass  decay  under  the  measured  conditions.  The 
results  will  be  presented  on  the  poster  and  in  [5],  which  also  include  the  total  energy  lost 
during  the  measurement  and  the  actual  heat  of  explosion  after  measurement,  which  show  a 
comparable  reduction. 
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Conclusion 

The  results  show  a  very  good  comparability  and  reproducibility  leading  to  the  conclusion  that 
the  Round  Robin  Test  was  a  success.  Thus  a  STANAG  method  „HFC  of  DB  ball  propellants" 
should  be  established  using  the  HFC  method  described  in  this  paper. 

Very  surprising  was  the  fact  that  the  standard  deviation  of  all  measurements  at  80“C  was  - 
besides  the  initial  effects  -  very  low  and  that  even  the  preconditioning  of  the  propellant  is  not 
really  necessary.  This  is  not  true  if  the  measurement  is  prepared  and  conducted  in  a  cold 
winter  (then  the  humidity  of  the  propellant  is  too  low).  At  measuring  temperatures  below 
80°C  the  preconditioning  has  a  bigger  effect,  which  is  not  fully  understood.  If  the  evaluation 
of  data  is  done  by  Arrhenius  equation  the  preconditioned  samples  show  a  lower  activation 
energy  and  a  lower  preexponential  factor  making  the  propellant  a  little  bit  „less  stable". 

What  is  as  well  surprising  is  that  a  measurement  at  e.g.  60°C  after  the  whole  temperature  pro¬ 
gram  shows  different  results  than  the  first  60°C  measurement  because  between  both  measure¬ 
ments  there  are  only  some  J/g  energy  difference  in  the  propellant.  That  means  that  both  mea¬ 
surements  are  done  nearly  at  the  same  stage  of  decomposition  (iso-a).  One  explanation  for 
this  might  be  that  the  thermal  decomposition  is  superimposed  by  long  lasting  endothermic 
evaporation  and  exothermic  condensation  or  diffusion  processes  probably  of  moisture  and/or 
nitroglycerin.  If  the  equilibrium  is  not  completely  established  deviations  of  the  total  signal  in 
both  directions  may  occur  depending  on  the  conditions  of  the  experiment  (e.g.  duration  of  the 
experiment,  the  measuring  temperature  before,  the  treatment  and  the  time  between  two  mea¬ 
surements).  A  hint  in  this  direction  has  been  obtained  by  HFC  testing  of  single  base  propel¬ 
lants  [4]  where  an  equilibrium  is  reached  within  1-2  days,  which  is  faster  than  here. 

The  stabiliser  consumption  measured  after  HFC  measurements  shows  that  the  closing  of  the 
ampoules  was  good  enough  (mainly  N-NO-DPA),  because  if  the  ampoule  is  not  closed 
correctly  then  dinitro-  and  trinitro-DPAs  are  dominating. 
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Abstract 

In  order  to  standardise  a  test  procedure  and  to  minimise  the  errors,  a  detailed  study  of  various 
factors  affecting  the  heat  flow  calorimetry  (HFC)  results  like  the  moisture  content  of  the 
propellants  or  the  loading  density  of  the  cell. 

Besides  those  effects  on  HFC  measurements,  the  correlation  of  HFC  with  stabiliser 
consumption  has  been  worked  out. 

The  results  show  that  HFC  measurements  are  an  easy,  reproducible  and  sensitive  method  for 
the  determination  of  the  slow  decomposition  of  propellants. 

Zusammenfassung 

Um  die  Testmethode  zu  standardisieren  und  die  mdglichen  Felher  bei  der  Mepdurchfuhrung  zu 
minimieren,  wurde  eine  Studie  verschiedener  Faktoren,  die  die  WarmefluPkalorimetrie 
beeinflussen,  durchgefuhrt.  Zu  diesen  Faktoren  zahlen  z.B.  der  Feuchtegehalt  des  TLP  und  die 
Ladedichte  der  Mepampulle. 

Parallel  dazu  wurde  der  Stabilisatorgehalt  der  Tribladungspulver  untersucht  und  der 
Stabilisatorabbau  mit  den  WarmefluPmessungen  korreliert. 

Die  Untersuchungen  zeigen,  daP  die  WarmefluPkalorimetrie  eine  einfache,  reproduzierbare 
und  sehr  empfmdliche  MePmethode  fur  die  Bestimmung  der  langsamen  Zersetzung  von 
Treibladungspulvern  ist. 
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1.  INTRODUCTION 

The  Heat  Flow  Calorimetry  (HFC)  is  one  of  the  most  useful  technique  for  assessing  a  service 
lifetime  of  nitrocellulose  based  propellant  [1],  [2],  [3],  [4], 

The  fundamental  principle  of  HFC  is  that  all  chemical  or  physical  reactions  which  produce  or 
absorb  heat  are  recorded  during  the  whole  measuring  time. 

The  measurements  are  conducted  at  different  temperatures  between  80  and  30°C.  The  values  of 
constant  heat  production  rates  are  taken  for  the  calculation  of  the  activation  energy  and  the 
preexponential  factor  according  to  Arrhenius  kinetics. 

It  is  important  to  know  what  chemically  happens  during  HFC  measurements  of  a  propellant.  A 
previous  study  has  already  showed  that  the  HFC  results  can  be  correlated  with  stabiliser 
consumption  results  [5]. 

Moreover,  assuming  a  maximum  loss  of  energy  of  the  propellant  that  still  delivers  an  acceptable 
ballistic  behaviour,  it  is  possible  to  evaluate  a  service  lifetime  of  the  propellant  [6]. 

However,  the  error  in  lifetime  calculation  depends  on  the  correctness  of  the  measurements  of  the 
heat  production  rates. 

In  order  to  minimise  the  errors,  a  detailed  study  of  various  factors  affecting  the  HFC  results  has 
been  undertaken. 

Spherical  propellants  were  used  for  this  study. 

We  have  considered  the  following  factors. 

I.  the  moisture  of  the  propellant 

II.  the  loading  density  of  the  cell. 

Those  2  parameters  are  encountered  in  the  real  life  of  the  propellant  in  the  cartridges  and  can 
affect  the  rate  of  decomposition  of  the  propellant. 

Beside  those  two  parameters  we  have  to  consider  the  reproducibility  of  the  measurements. 
Measurements  in  three  different  laboratories  were  carried  out  in  order  to  check  the  reproducibility 
of  the  results,  to  standardise  the  test  procedure  and  hence  to  minimise  the  errors  in  service  life 
calculations  [7]. 

2.  EXPERIMENTAL  PROCEDURE 

For  the  purpose  of  this  study,  double  base  spherical  propellants  were  used.  Most  of  the  work  has 
been  done  with  the  double  base  spherical  propellant  K6210.  The  mean  composition  is  20% 
Nitroglycerine,  4.5%  dibutylphtalate,  0.9%  diphenylamine,  0.5%  potassium  nitrate  and  the 
remaining  %  is  nitrocellulose. 
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The  experiments  were  runned  in  a  TAM  calorimeter  with  glass  ampoules.  Three  different  working 
ampoules  were  used  :  3  cm^  (WIWEB  and  PB  Clermont),  4  cm^  (SNPE)  and  20  cm^  (SNPE) 
At  least  double  measurements  were  recorded  on  each  samples.  The  measurements  were  started  as 
soon  as  the  samples  were  introduced  into  the  microcalorimeter. 

The  measurements  were  started  with  a  fresh  sample  at  80°C  for  at  least  8  days.  Then  the  samples 
are  measured  at  lower  temperatures  until  they  reach  a  constant  HFC  signal  that  is  used  for  the 
evaluation  of  the  kinetic  parameters.  The  measuring  temperatures  lie  in  the  range  between  80  and 
30°C  (mostly  excluding  70°C). 

Some  measurements  have  been  made  with  fresh  samples  at  temperature  below  80°C  in  the  range 
between  70  and  50°C. 

A  few  measurements  have  also  been  recorded  in  a  CAL  VET  calorimeter  with  a  sample  vessel  of 
92  cm3. 

In  parallel  we  have  analysed  the  stabiliser  products  at  different  times  of  samples  that  had  been 
aged  under  the  same  conditions.  The  analysis  of  stabilisers  and  derivatives  were  performed  by 
HPLC. 

3.  RESULTS  AND  DISCUSSIONS 

3.1.  Analysis  of  the  shape  of  the  HFC  curves 

In  the  case  of  double  base  propellants  (see  Fig  1),  we  have  a  certain  and  reproducible  structure  of 
the  curves  of  freshly  introduced  samples  which  can  be  described  by 
a  first  maximum 
a  first  minimum 
a  second  maximum 
a  second  minimum 
an  increase  of  the  heat  flow 

Combining  HFC  measurements  with  stabiliser  analysis  we  can  better  understand  what  chemically 
happens  during  HFC  measurements. 

As  it  can  be  seen  on  FiG  2,  the  DPA  concentration  decreases  while  the  measurement  goes  on.  In 
the  minimum  only  a  few  percent  of  the  original  of  DPA  remains  while 
N-NO-DPA  is  increasing  rapidly  reaching  a  maximum  value  at  the  second  maximum  of  HFC  (all 
DPA  has  disappeared  at  that  point).  Other  derivatives  of  DPA  are  also  measured  :  4-N-DPA,  2- 
N-DPA,  N-NO-2-NDPA,  N-NO-4-NDPA  and  2,2’DN-DPA.  The  three  last  appear  mainly  when 
the  N-NO-DPA  has  reached  its  maximum  and  start  to  decrease  (TABLE  1). 


The  same  shape  is  recorded  at  lower  temperature  (e  g.  70,  60  or  50°C)  when  a  fresh  sample  is 
introduced  (Fig  3).  However  as  expected,  the  time  to  reach  the  different  stages  is  much  longer 
and  the  heat  flux  much  lower,  but  the  energy  release  is  comparable  (table  2).  That  means  that  the 
decomposition  mechanism  is  unchanged  for  all  these  temperatures. 


TABLE  1 


m 

DPA 

N-NO- 

DPA 

4-N- 

DPA 

2-N- 

DPA 

N-NO-2- 

NDPA 

N-NO-4- 

NDPA 

2- 

2'DNDPA 

o 

0.5 

0.59 

0.033 

0.031 

0.0027 

133 

a 

0.29 

0.76 

0.038 

0.038 

0.0099 

32 

o 

0.68 

0.045 

0.048 

0.016 

25.5 

o 

PKtWtl 

0.95 

0.046 

0.056 

0.0324 

0.0424 

28.6 

m 

1.06 

0.02 

0.035 

0.0476 

0.0638 

51 

o 

BfilH 

1.04 

0.021 

0.012 

0.1078 

0.0757 

48.3 

D 

PBin 

1.04 

0.024 

0.008 

0.1259 

0.1047 

46 

LM 

0.94 

- 

0.01 

0.1568 

0.3426 

0.01 

43.3 

■El 

0.81 

- 

- 

0.148 

0.4101 

0.045 

N.A. 

TABLE  2 


1st  minimum  (J/s) 

2nd  maximum  (J/e) 

2nd  minimum  (J/g) 

80 

5.2 

14.5 

42.2 

70 

5.2 

14.3 

44.6 

60 

5.4 

15.4 

_ isn _ 

(*)  the  second  minimum  is  nearly  reached  and  the  value  is  approximately  41  J/g 


FIG  1:  Heat  flow  calorimetry  of  different  spherical  propellants  at  80°C 


(B/AlOd 
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Using  a  zero  order  reaction  the  heat  production  rate  can  be  described  by  the  following  equation 

q  =  A  .  e  ■  1 

At  the  same  stage  of  decomposition  of  the  reaction  (same  energy  release)  at  2  different 
temperatures  T1  and  T2  we  have 

e  -E/RTl  =  t2  .  e  •E/RT2  eq  2 
and  hence  combining  (1)  and  (2) 

qi  t|  =  q2  ^2  =  constant  eq.3 
orlnq=  -In  t +constant  eq.4 

On  a  graph  we  can  draw  the  curves  In  q  as  a  fiinction  of  In  t  for  the  different  temperatures  (Fig  4). 
The  intersection  of  the  various  curves  with  a  straight  line  of  slope  -1  corresponds  to  a  same  stage 
of  the  reaction. 


FIG  4:  Iso-stages  of  decomposition  during  RFC  experiments  with  fresh  samples  at  different 
temperatures. 

On  Fig  4  you  can  see  the  results  of  the  plot  for  the  HFC  measurement  presented  in 
Fig  3.  This  shows  that  when  you  reach  the  same  part  of  the  HFC  curve  at  different  temperatures 
you  reach  the  same  degradation  point. 
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From  those  plot  one  can  calculate  the  activation  energy  from  the  plot  of  In  q  as  a  function  of  1/T. 
Values  between  126  and  138  kJ/mole  are  calculated. 

Those  values  are  in  good  agreement  with  the  values  calculated  by  Shin  and  al.  [9],  They  are  also 
in  the  same  range  as  those  calculated  when  we  start  the  measurements  at  80°C  and  continue  the 
measurements  with  the  same  sample  at  70°C  and  60°C  (see  table  4 ). 

3.2.  Influence  of  the  moisture  content 

The  propellant  K6210  has  been  conditioned  for  several  days  at  different  relative  humidity  before 
measurements.  The  moisture  content  is  determined  by  Karl-Fisher  tiration  (KF). 

1 .  drying  on  P2O5  or  CaCl2  :  RH  =  0  %  (  KF  =  0.02%) 

2.  conditioning  at  65  %  RH  ( KF  =  0.65%) 

3.  conditioning  at  80  %  RH  ( KF  =  0.85%) 

The  HFC  results  are  presented  on  FiG  5  and  the  values  reached  at  different  stages  of  the  HFC 
reactions  in  Table  3. 

The  differences  observed  by  HFC  are  confirmed  by  the  measurement  of  stabiliser  consumption 
where  the  same  trend  is  recorded  ( see  FiG  6  and  7).  That  is  to  say  : 

1.  the  rate  of  consumption  of  DPA  decreases  when  the  moisture  content  of  the  propellant 
increases. 

2.  the  maximum  of  N-NO-DPA  increases  with  moisture  in  time  and  value. 

3.  the  steady  state  reached  after  the  second  maximum  increases  with  the  moisture.  This  is 
also  true  for  the  constant  values  measured  at  lower  temperatures 

When  one  calculates  the  activation  energy  and  the  preexponential  factor  (Table  4)  according  to 
equation  5,  it  appears  that  the  activation  energy  remains  nearly  constant  but  the  preexponential 
factor  differs  significantly  leading  to  different  service  life  (equation  6). 


4c  g  -Ea/RT 

eq.  5 

Qc.  *  0.03 

eq.  6 

P40  *  86400  *365.25 

P  =  heat  flow  (|iW/g)  R  =  universal  gas  constant  (8.3 1  J.  K  '.mof') 

C  =  preexp.  factor  (W/g)  t  time  (years) 

Ea  =  activation  energy  (kJ/mol)  P40  =  from  eq  5  calculated  heat  flow  at  40°C 

T  =  temperature  (K)  Qe,  =  heat  of  explosion  (4075 J/g) 
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The  value  of  the  activation  energy  calculated  for  the  60-40°C  range  beeing  lower  that  for  the  80- 
60°C  range,  the  service  life  is  calculated  only  for  the  range  60-40°C  for  safety  reason.  In  addition 
the  activation  energy  calculated  for  the  temperature  range  80  to  60°C  is  in  agreement  with  the 
activation  energy  calculated  from  experiments  with  fresh  samples  (see  above). 


FIG  5:  Heat  flow  calorimetry  at  80°C  of  propellant  K6210  at  different  moisture  content 


Table  3:  Important  values  of  MFC  measurements  of  fig  5  for  propellant  K6210 


MOISTURE  (%) 

IWfflllVi'/fll 

0.05 

■jrAltKBM 

0.33 

0.62 

0.85 

HiiEnH 

Table  4:  Kinetic  parameters  for  the  fig  6 


(B/M)d  is  I  (%)Vda 
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r  6:  Heat  flow  calorimetry  at  SOX  of  K  6210  (lot  215)  after  various  conditionnings 


N-N04:>PA(%) 
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3.3.  Influence  of  the  loading  density 

In  order  to  see  the  ability  of  HFC  measurements  to  show  reproducible  values  within  different 
laboratories  having  different  cells,  we  have  undertaken  a  study  of  the  loading  density  of  the  cells. 
Indeed  if  one  is  using  a  larger  cell,  with  an  unknown  propellant,  it  is  interesting  to  know  the 
evolution  of  HFC  curves  in  order  to  avoid  any  damages  to  the  apparatus  that  may  arise  from  a 
large  build  up  of  pressure  inside  the  cell.  To  reduce  this  risk  one  way  is  to  reduce  the  amount  of 
propellant  in  the  cell,  the  other  way  is  to  start  at  lower  temperature  but  then  the  time  to  reach  a 
constant  heat  flow  will  be  much  longer. 

An  other  point  is  to  see  if  a  different  filling  grade  of  the  ampoule  can  lead  to  different  results  for 
the  sample  studied. 

On  Fig  8  one  can  see  the  evolution  of  the  HFC  curves  for  different  filling  grades  of  the  ampoule. 
When  the  loading  density  of  the  ampoule  is  decreasing,  the  shapes  of  the  HFC  curves  vary  from 
the  shape  described  earlier  to  the  following  shape  : 

1 .  first  maximum 

2.  first  minimum 

3.  second  sharp  maximum 

4.  second  minimum 

5.  increase  to  a  nearly  constant  value 

This  last  increase  leads  to  a  higher  heat  flux  value  when  the  loading  density  decreases. 

The  time  to  reach  a  nearly  constant  value  increases  also  when  the  loading  density  decreases. 

The  change  of  the  shape  of  the  HFC  curves  may  be  due  to  the  fact  that  all  DPA  is  transformed 
before  oxygen  has  been  consumed. 

In  order  to  verify  this  hypothesis,  some  experiments  have  been  run  with  an  full  filled  ampoule 
where  the  air  has  been  replaced  by  pure  oxygen. 

As  it  can  be  seen  from  Fig  9,  the  same  shape  of  curve  arises  with  an  oxygen  atmosphere. 

When  the  kinetics  parameters  are  calculated,  the  main  difference  is  due  to  the  preexponential 
factor  (see  Table  5). 

We  can  suppose  that  additional  reactions  with  oxygen  occur  increasing  the  consumption  rate  of 
the  stabiliser  leading  to  a  diminution  of  the  service  life  of  the  propellant. 
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Table  S:Kinetic  parameters  for  propellant  K6210  lot222 


CELL 

Activation  energy 
(60-40) 

pre-exp.  factor 

TIME  AT  40°C 

W/Kg 

(Years) 

FULL 

97 

1  *10“ 

6.1 

HALF 

94 

4.  *10'" 

4.3 
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3.4.  Influence  of  the  sealing  of  the  ampoule 

In  some  experiments  an  "abnormal"  shape  of  the  HFC  curve  is  recorded  [7][8]  or  some 
endothermic  peaks  are  observed  (e.g,  fig  2  or  9). 

The  "abnormal"  shapes  are  much  like  the  shapes  observed  at  low  loading  density  or  when  air  is 
replaced  by  oxygen.  It  can  be  concluded  that  those  "abnormal"  shape  arises  when  the  ampoule  is 
not  firmly  sealed  and  then  air  can  enter. 

The  endothermic  peaks  arise  only  after  a  few  days  at  high  temperatures.  During  the  measurement 
a  build  up  of  the  pressure  occurs  due  to  the  degradation  process  of  the  propellant.  According  to 
the  quality  of  the  sealing  of  the  glass  ampoule,  the  ampoule  will  hold  a  pressure  of  a  few  bars 
before  it  leaks.  The  appearance  of  those  endothermic  peaks  is  thus  the  results  of  the  leaks. 


3.5.  Comparison  between  two  types  of  calorimeters 

A  few  experiments  have  been  run  in  2  different  calorimeters  :  TAM  and  CAL  VET  (Setaram).  The 
comparison  of  the  results  is  given  on  FIG  10  for  lot  215. 

The  results  obtained  in  the  CAL  VET  are  for  46  g.  of  propellant  in  a  92  cm^  cell  and  for  the  TAM 
in  a  4  cm^  cell  with  2  g.  of  propellant.  The  results  obtained  show  a  good  agreement  especially  if 
one  takes  into  account  the  differences  in  sample  size.  The  loading  density  is  comparable  (see 
chapter  3.3). 


TIME  (DAYS) 

FIG  10:  Heat  flow  calorimetry  at  80°C  of  propellant  K  6210  (lot  215)  in  different  apparatus. 


I 
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4.  CONCLUSIONS 

In  this  paper  we  have  discussed  different  parameters  that  have  an  incidence  for  the  reliability 
and  reproducibility  of  the  results. 

At  the  start,  HFC  test  which  gives  you  the  rate  at  which  the  reaction  is  going  forward  has  to 
be  combined  with  stabiliser  consumption  experiments  or  molar  mass  degradation  that  give  the 
actual  stage  of  the  decomposition  reaction.  Then  it  is  possible  to  calculate  the  service  life  of 
the  propellant. 

It  is  still  unknown  what  the  service  life  would  be  if  a  not  preaged  sample  is  used  for  HFC 
experiments  for  all  the  temperature  lower  than  SOX. 

But  it  is  impossible  to  do  HFC  measurements  within  an  acceptable  time  frame  with  unaged 
samples. 

The  same  problem  arises  with  stabiliser  comsumption  experiments  but  the  HFC  allows  to 
determine  the  Arrhenius  factors  in  an  acceptable  time  frame  . 

In  order  to  standardise  a  test  procedure  one  has  to  take  into  account  all  the  different 
parameters. 

This  means  that 

1)  the  propellant  has  to  be  conditioned  before  measurement  or  the  moisture  content  of  the 
propellant  has  to  be  fixed. 

2)  the  filling  of  the  ampoule  has  to  be  kept  constant  in  the  ampoules  for  all  measurements 
of  the  different  samples.  A  completely  filled  ampoule  is  to  be  preferably  used  because  it 
is  more  close  to  the  situation  encountered  in  the  cartridges. 

3)  great  care  must  be  devoted  to  the  sealing  of  the  measuring  ampoule. 

To  be  sure  of  the  quality  of  the  measurements  at  least  duplicate  experiment  have  to  be 
made. 

4)  special  care  must  be  paid  for  HFC  measurements  at  low  temperature  for  the  calibration 
of  the  apparatus  (a  more  detailed  investigation  is  presented  in  [10]). 

As  a  conclusion  it  can  be  said  that  HFC  measurements  can  be  run  with  an  excellent 
reproducibility  in  different  laboratories  and/or  vessels  if  the  parameters  like  loading  density, 
moisture  content  and  measuring  method  are  fixed  [7]. 
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1  Abstract 


The  synthesis  of  hydrazine  azide  is  reported.  Physical  and  chemical  characterization  was  done 
by  IR-,  Raman-,  mass-,  NMR-  and  X-ray  spectroscopy  comparing  and  completing  well  known 
datas  of  this  compound.  In  addition  we  determined  the  purity  and  thermal  stability  with  TG, 
DTA,  DSC  and  calorimetry.  With  a  drop  hammer,  friction  device,  steel  tube  and  an  electric 
discharge  device  we  tested  the  explosive  properties. 

By  the  time  we  could  produce  new  derivatives  (alkyl-,  aryl-)  of  this  very  potent  molecule  in  an 
aspiration  to  fit  the  thermal  and  explosive  properties  of  this  class  of  compounds. 


2  Introduction 


Hydrazine  azide  N2H5N3  is  since  1891  a  well  known  compound  and  was  first  prepared  by 
professor  THEODOR  CURTIUS  by  adding  hydrazine  hydrate  to  an  aqueous  solution  of 
hydrogen  azide’°’.  In  the  following  years  many  scientists  could  improve  the  synthesis  and 
purity*’’’'’*'’'',  but  only  J.H.  KOCH  could  prepare  in  1959  a  1,1-dimethylhydrazine  azide,  the 
only  known  derivative  of  this  inorganic  azide  till  today*’’.  But  he  could  not  purify  and 
characterise  this  new  compound.  In  the  same  time  a  few  studies  on  the  explosive  properties  of 
hydrazine  azide  were  done'^*’’'.  Hydrazine  azide  was  tested  as  an  explosive,  gun  and  rocket 
propellant  showing  good  efficiencies.  In  later  times  many  data  about  IR-,  NMR-,  mass-  and  X- 
ray  spectrometry  were  collected.  In  this  context  the  present  study  is  a  summery  of  all  known 
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data  on  hydrazine  azide  and  is  the  starting  point  of  a  systematic  evolution  of  the  potentials  of 
this  substance  class. 


3.  Hydrazine  Azide:  Synthesis  and  physical  chemical  characterization 

3.1  Synthesis 

Hydrazine  azide  was  synthesized  by  blowing  gaseous  hydrogen  azide,  made  from  stearic  acid 
and  sodium  azide  at  130  °C  (1),  in  an  ice-salt-cooled  ethanolic  solution  of  hydrazine  hydrate 
(2).  The  crude  ionic  colourless  salt  can  be  recrystalized  in  absolute  methanol  getting  crystals 
with  a  melting  point  of  72  °C. 


CH3(CH2),6C00H  +  NaNj  »30-l60°C^  CH3(CH2)i6COONa  +  HN3  (1) 


.r  EtOH  .  H\-  +  _  +  - 

HN3  +  N2H5OH  N=N  =N  +  H2O  (2) 


3.2  Infrared  spectrum 

Figure  1  shows  the  infrared  spectrum  of  hydrazine  azide.  The  typical  bands  from  deformation 
and  stretching  vibration  of  the  functional  groups  are  in  good  agreement  with  earlier 
publications‘“‘’”l 


Figure  1:  Infrared  spectrum  of  hydrazine  azide  (wavenumbers/absorbance) 
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Figure  3:  '■'N-NMR-  and  ''N-NMR-spectram  of  hydrazine  azide. 


3.6  X-Ray  diffraction  investigations 

The  structure  of  hydrazine  azide  (N5H5)  was  investigated  by  means  of  x-ray  diffraction. 
Investigations  at  various  temperatures  were  carried  out  using  a  x-ray  diffractometer.  Due  to 
the  hygroscopic  nature  of  hydrazine  azide,  the  specimens  were  preserved  in  an  exsiccator. 
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Figure  4  :  X-Ray  diffraction  diagramme  of  hydrazine  azide  at  room  temperature  with  a 
peak-diagramme  of  the  JCPDS-Database  (litprature  values  for  comparison). 
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X-ray  diffraction  measurement  of  hydrazine  azide  taken  at  room  temperature  showed  no 
agreement  with  the  structural  data  of  the  literature  (Figure  4).  Phase  transition  of  hydrazine 
azide  were  observed  at  higher  temperatures.  Further  investigations  are  necessary  to  clasify  this 
phenomena. 


3.7  DTA-TGA,  DSC  and  HFC 

As  indicated  by  the  TGA-DTA  curves  in  figure  5,  hydrazine  azides  exhibits  a  very  unsharp 
melting  point  at  72  °C.  The  peaks  are  interpreted  as  follows:  The  first  peak  at  4,7  °C 
corresponds  to  the  melting  point  of  residual  water.,  the  next  two  peaks  are  due  to  the  crystal 
structure  transformations,  followed  by  the  melting  of  the  substance.  In  the  first  TGA-DTA 
measurement,  carried  out  some  weeks  before,  the  solid  state  transformation  was  not  observed, 
and  the  melting  point  was  found  at  a  considerably  higher  temperature.  In  the  meantime  the 
sample  was  stored  in  an  open  pan  in  an  exsiccator.  Taking  into  consideration  the  different 
values  of  the  melting  points  in  the  literature  (up  to  80  °C),  it  can  be  assumed  that  the  substance 
reacts  during  storage  in  air.  It  is  often  be  observed  that  crystal  transformations  are  hindered  in 
the  pure  compound. 

Mosse.  DTA/uU 


Figure  5:  TGA-DTA  diagramm  of  hydrazine  azide  (heating  rate:  5  °C/min). 
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Figure  6  shows  the  heating  of  hydrazine  azide  in  a  pierced  aluminium  tube  meassured  by  DSC. 
The  peaks  before  the  melting  point  (65.9  °C)  could  not  be  identified.  The  DSC-diagramm  in 
figure  6  makes  clearly,  that  hydrazine  azide  which  was  stored  in  an  exsiccator,  shows  a 
different  as  one  would  expect  from  the  TGA  experiment.  In  the  cooling  curve  the  whole 
exothermic  changes  are  shifted  to  lower  temperatures. 


DSC  /mW/mg 


Figure  6:  DSC  of  hydrazine  (heating  rate:  5  °C/niin). 


To  check  the  ability  of  chemical  decomposition,  three  samples  were  meassured  by  heat  flow 
calorimetry  (HFC)*'’’  at  constant  temperature  of  60  °C.  The  first  tube  (4  mL)  was  filled  with 
hydrazine  azide  under  normal  conditions.  To  exclude  the  interaction  with  oxygen  and  water, 
hydrazine  azide  was  filled  in  the  second  tube  (4  ml)  under  argon.  The  corresponding 
thermogramm  shows  a  similar  effect  at  the  beginning  as  observed  under  normal  condition.  To 
give  an  evidence,  that  the  reaction  may  be  influenced  by  the  free  volume  in  the  tube,  a  third 
sample  of  hydrazine  azide  was  filled  in  a  larger  tube  (20  ml).  The  reaction  starts  slower  and  is 
not  competed  before  eight  days.  But  the  area  under  the  curve  (=  lost  energy  of  an  exothermic 
process)  after  more  than  one  week  is  nearly  the  same  as  for  the  specime  1,2  and  3.  This  may 
point  to  an  impurity  of  hydrazine  azide.  Further  investigations  are  necessary. 
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Figure  7:  Heat  flow  calorimetry  of  hydrazine  azide  (storage  temperatur:  60°C). 


3.8  Impact-,  friction-,  electrostatic-  and  thermal  sensitivity 

Using  BAM  drop  hammer  and  friction  devices  for  the  determination  of  the  impact  and  friction 
sensitivity  ,  it  was  shown  that  hydrazine  azide  has  an  impact  sensitivity  at  about  40  Nm 
which  is  not  very  sensitive.  The  friction  sensitivity  of  the  pure  crystalyzed  material  was  found 
to  be  at  80  N,  For  the  determination  of  the  electrostatic  sensitivity'"^  the  material  (approx.  25 
mm^ )  was  subjected  to  an  electric  discharge  of  32  Joule.  No  reaction  accured  in  a  series  of  ten 
tests.  The  electrostatic  sensitivity  is  very  low. 

The  sensitivity  to  a  thermal  stimulus'"'  was  determined  by  means  of  Koehnen  test.  The 
investigations  were  done  with  orifrce  plates  of  2  and  6  mm.  Tests  with  the  6  mm  plates  showed 
no  reaction  where  as  with  the  2mm  orifrce  plate  the  steel  tube  was  fragmented  into  a  lot  of 
small  pieces  (Figure  8). 
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Hydraziniumazid 

Stahlhiilse  2mm 

Auftrags-Nr.:  97/X0738/5000I-005 


Figure  8;  Steel  tube  after  heating  hydrazine  azide  with  an  orifice  plate  diameter  of  2  mm 


4.  New  derivatives  of  hydrazine  azide;  Synthesis  and  physical  chemical  characterization 


The  equations  (3)  and  (4)  show  the  general  chemical  reaction  to  produce  new  derivatives  of 
hydrazine  azides. 


CH3(CH2)jgCOOH  +  NaN3  CH3(CH2)i^OONa  +  HN3  (3) 


R 


HN,  +  '  ^olyent_^ 


R 


H' 


\-  +/R^  _  +  -  ^ 

.N - N=N=N  (4) 
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Table  1  gives  a  survey  on  the  new  derivatives  of  hydrazine  azide  with  reaction  conditions  and 
the  physical  chemical  analysis.  We  will  report  on  the  characterization  of  these  new  compounds 
shortly. 


Substance  name 

Conditions 

Physical  chemical  characterization 

Monomethylhydrazine  azide 

T  =  0°C 

m.p.;  element  analysis;  IR;  Raman; 

R"  =  -CH3 

solvent  =  THF 

NMR:  'H,  ‘*C,  ‘“N,  ‘'N. 

I,  I-Dimethylhydrazine  azide 

T  =  -25°C 

m.p.;  element  analysis;  IR;  Raman; 

=  -CHj;  R’  =  -CHa 

solvent  =  CH2CI2 

NMR:  *H,  '^C,  'X  '^N;  X-ray. 

Phenylhydrazine  azide 

H 

II 

m.p.;  IR;  Raman; 

R*=C6H5- 

solvent  =  Et20 

NMR:  'H,  '^C,  'X  '^N. 

Acetylhydrazine  azide 

R'  =  CH3CO- 

T  =  RT 

solvent  =  i-prop. 

IR;  NMR:  'H,  ‘^C. 

Table  1 :  New  derivatives  of  hydrazine  azide  with  reaction  conditions  and  physical  chemical  characterization. 


5.  Conclusion 


Energetic  materials,  designed  by  the  elements  of  N  and  H  are  of  general  interest. 

The  observed  properties  of  hydrazine  azide  pertaining  to  its  chemical  variability,  the  explosive 
character  and  the  thermochemical  behaviourr  can  not  be  chraracterized  in  all  details.  Of 
particular  interest  is  the  question,  as  through  new  derivatives  of  hydrazine  azide,  its  properties 
may  be  influenced.  ‘Further  investigations  will  follow. 
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BEURTEILIJNC  DER  VERSPRODDNGSNEIGUNG  VON  TLP  MIT  HILFE 
DES  SCHLAGSCHERVERSUCHS 

Burkhard  Nicklas 

WIWEB  AuBenstelle  Swisttal 
GroBes  Cent 
53913  Swisttal 

ABSTRACT 

A  new  test  method  was  develloped  to  measure  the  transition  to  brittle  behaviour  of  gun  propel¬ 
lants.  The  test  method  is  called  impact  shear  test.  With  this  test  it  is  possible  to  measure  the  work 
necessary  to  shear  a  gun  propellant  grain  with  high  shearing  velocity  as  a  function  of  temperature. 
A  pendulum  for  measuring  the  izod  impact  strength  was  reconstructed  with  a  new  specimen  hol¬ 
der  for  propellant  grains  (instead  of  the  original  clamping  system  )  and  a  new  striking  edge.  The 
striking  edge  hits  the  grain  0. 1  mm  above  the  specimen  holder.  A  first  test  series  shows,  the  im¬ 
pact  shear  test  is  a  good  method  to  determine  the  temperature  region  where  the  gun  propellant 
becomes  brittle. 


ZUSAMMENFASSUNG 

Urn  Aussagen  uber  das  Versprbdungsverhalten  von  TLP-Komern  machen  zu  kdnnen,  wurde  eine 
neue  Priifmethode  entwickelt,  die  es  ermoglicht  einzelne  TLP  Kbrner  mit  hoher  Verformungsge- 
schwindigkeit  zu  untersuchen:  der  Schlagschertest.  Die  Versuchseinrichtung  gestattet  es  (in  Ab- 
hangigkeit  von  der  Temperatur),  die  Arbeit  zu  messen,  die  notwendig  ist  um  ein  TLP  Korn  abzu- 
scheren.  Dazu  wurde  ein  vorhandenes  Pendel  mit  einer  neuen  Probenaufhahme  und  einem  neuen 
Pendelarm  ausgestattet.  Der  Einbau  erfolgte  so,  daB  die  Hammerscheide  0,1  mm  oberhalb  der 
Probenhalterung  auf  die  Probe  triffl.  Erste  Versuche  zeigen,  daB  dieses  Verfahren  geeignet  ist, 
den  Temperaturbereich  zu  bestimmen,  bei  dem  ein  TLP  versprodet. 


I.EINLEITUNG 


Beim  Abbrand  in  einem  fiir  die  sich  bildenden  Gase  geschlossenen  System,  wie  es  in  einem  Waf- 
fenrohr  vorliegt,  werden  die  TLP-Korner  durch  den  Gasdruck  sehr  stark  mechanisch  belastet. 
Neben  einem  groBen  hydrostatischen  Druck  belasten  auch  Druckwellen  das  TLP,  z.  B.  eine  Kor- 
nerdruckwelle,  die  das  TLP  am  Geschofiboden  komprimiert.  Die  TLP-Komer  werden  mechanisch 
verformt,  wenn  sie  eine  gewisse  Duktilitat  aufweisen.  Ist  die  Duktilitat  zu  gering,  tritt  im  Extrem- 
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fall  der  Sprodbruch  ohne  Veiformung  auf  Dabei  wird  Oberflacbe  fur  den  Abbrand  neu  geschaf- 
fen;  dies  mul3  soweit  wie  mpglich  vermieden  werden.  Daraus  folgt,  TLP  Komer  miissen  eine  ge- 
wisse  Duktilitat  aufweisen  und  zwar  bei  realen  sehr  groBen  Belastungsgeschwindigkeiten. 

Werkstoffprufgerate,  die  mit  relativ  hohen  Veiformungsgeschwindigkeiten  arbeiten  (auBer  Zug- 
prufgerate),  sind  spezielle  Druckpriifmaschinen  (1)  Pendelschlagwerke  und  jede  Art  von  Fallge- 
rtisten  (2).  Wegen  der  vertretbaren  Anschaffiingskosten  und  der  leichteren  Handhabbarkeit  wurde 
fur  diese  Untersuchungen  an  TLP  das  Schlagpendel  gewahlt.  Mit  einem  speziellen  Umbau,  der  im 
Hause  vorgenommen  wurde,  ist  es  nun  moglich,  TLP  iiber  einen  groBen  Temperaturbereich  im 
Schlagscherversuch  zu  testen. 

Da  Treibladungspulverlose  immer  aus  mehreren  Ansatzen  bestehen,  muB  bei  der  Messung  an  Ein- 
zelkomem  immer  mit  einem  rel.  groBen  Streuband  gerechnet  werden.  Fiir  diese  Untersuchung 
wurden  pro  Temperatur  immer  5  Komer  gemessen. 

2.  KONSTRUKTION  DER  VERSUCHSAPPARATUR 


Fur  die  Durchfiihmng  der  Tests  wurde  ein  vorhandenes  50  J  Pendelschlagwerk  umgebaut,  d.h. 
mit  einer  neuen  Probenhalterung  und  einem  neuen  Pendelhammer  versehen.  Das  50  J  Pendel¬ 
schlagwerk  besitzt  die  notwendige  Steifigkeit  fur  Versuche  dieser  Art.  Abbildung  1  zeigt  die  we- 
sentlichen  Teile  des  Pendelschlagwerks.  Die  Probenhalterung  besteht  aus  einem  Gnindgestell  und 
einer  Probenaufhahme.  Das  Grundgestell  (aus  Stahl)  wird  auf  dem  Aufspanntisch  des  Pendel¬ 
schlagwerks  aufgeschraubt.  Es  enthalt  eine  Bohrung  zur  Aufhame  der  eigentlichen  Probenhalte¬ 
rung,  einem  Messingzylinder  mit  zentraler  Bohrung  fur  das  TLP  Kom.  Dieser  Messingzylinder 
wird  mittemperiert  und  tragt  somit  dazu  bei,  das  das  TLP  Kom  die  Temperatur  der  Vortemperie- 
mng  bis  zur  Abschemng  halt.  Durch  eine  Schraube  im  Boden  der  Bohrung  im  Grundgestell  kann 
eingestellt  werden,  wie  tief  die  Probenaufnahme  in  diese  Bohrung  abgesenkt  werden.  Damit  wird 
die  Hohendifferenz  zwischen  Oberkante  Probenhaltemng  und  Hammerschneide  eingestellt  (  z.  B. 
mit  einer  Fiihlerlehre).  Die  Flammerschneide  woirde  ebenfalls  neu  gestaltet.  Dort,  wo  der  vorderen 
Teil  des  Pendelhammers  auf  die  Probe  trifft  wurde  ein  Hartmetalleinsatz.  mit  definierter  Auftreff- 
flache  eingefiigt. 

Die  Auftreffgeschwindigkeit  des  Hammers  auf  der  Probe  betragt  3,9  m/s.  Gemessen  wird  die  Ar¬ 
beit,  die  benotigt  wird,  urn  das  TLP  Kom  abzuscheren. .  Die  Ermittlung  der  Schlagarbeit  erfolgt 
mit  der  vorhandenen  MeB-  und  Auswerteeinheit.  Da  das  Pendelschlagwerk  mit  den  Umbauten 
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noch  nicht  kalibriert  wurde,  ist  in  den  Diagrammen  als  Einheit  [xx]  anstelle  von  angege- 

ben.  Die  Bestinunung  der  Versprodungstemperatur  erfolgt  als  Schnittpunkt  der  Geraden  durch  die 
MeBwerte  bei  tiefen  bzw.  hohen  Temperaturen  analog  zu  dem  Verfahren  fiir  Schlagbiegeversuche 
an  FTS  in  der  entsprechenden  TL  (1).  Von  einer  Versprodungstemperatur  kann  allerdings  nur 
gesprochen  werden,  wenn  die  Schlagz^gkeit  bei  tiefen  Temperaturen  kleine  Werte  annimmt. 
Zum  Vergleich  wurden  auch  Messungen  mit  der  Dynamisch  Mechanischen  Analyse  (DMA)  ge- 
macht.Die  Durchfiihrung  und  Auswert  der  DMA  erfolgte  nach  STANAG  4540  (2).  Die  Glas- 
ubergangstemperatur  wird  als  Maximum  der  Verlustmodul  (E  ")  -  Temperatur  -  Kurve  ermittelt 

3.VORVERSUCHE 


Als  erstes  wurde  untersucht,  wie  sich  die  Hohe  des  Auftreffpunktes  der  Hammerscheide  auf  die 
Probe  oberhalb  der  Probenaufiiahme  auswirkt.  Wird  die  Probe  nicht  direkt  oberhalb  der  Proben- 
aufhahme  getroflfen,  so  kann  aufier  Scherung  auch  noch  Biegung  auflreten.  Nachstehende  Skizze 
zeigt  schematisch  das  Aussehen  der  Komer  nach  dem  Versuch,  liiiks  ist  noch  Biegung  vor  dem 
Bruch  beteiligt,  wMirend  rechts  das  Korn  glatt  abgeschert  wurde.  Abb.  2  zeigt  die  ermittelten 
MeBwerte. 


Skizze  1  :  Schematische  Darstellung  eines  TLP  Korns  nach  dem  Bruch 
Korn  bei  1,5  mm  freier  Hohe  Korn  bei  0,1  mm  freier  Hohe 

Da  bei  groBeren  freien  Hohen  zusatzlich  zur  Scherung  auch  Biegung  auftritt,  wurden  alle  weiteren 
Versuche  mit  0, 1  mm  freier  Hohe  durchgefuhrt. 

Urn  einen  Vergleich  der  MeBergebnisse  mit  denen  anderer  MeBmethoden  zu  erhalten,  wurde  an- 
schlieBend  eine  Untersuchung  mit  Proben  (0  8  mm)  aus  doppelbasigem  FTS  durchgefuhrt.  Die 
Messungen  konnen  dann  mit  Ergebnissen  aus  Schlagbiegeversuchen  und  DMA  am  gleichen  Ma¬ 
terial  verglichen  werden.  Die  Ergebnisse  sind  in  den  Abb.  3  und  Abb.  4  dargestellt.  Die  ermittelten 
Kennwerte  lauten:  Glasubergangstemperatur  (DMA)  Tg  =  238  K;  Versprodungstemperatur 
(Schlagbiege )  Tv  =  242  K  und  Versprodungstemperatur  (Schlagscher )  Tv  =  234  K  Die  ermittel¬ 
ten  Werte  mit  drei  unterschiedlichen  Verfahren  liegen  innerhalb  von  8  K,  ein  recht  gutes  Ergebnis. 
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4,  TESTERGEBNISSE  AN  TLP  UND  VERGLEICH  MIT  DMA  MESSUNGEN 

Um  einen  Anhaltspunkt  zu  haben,  ob  die  Messungen  zum  richtigen  Temperaturbereich  fiihren, 
wurde  die  Versprodungstemperatur  mit  der  Glasiibergangstemperatur  aus  DMA  -  Messungen 
verglichen. 

Als  erstes  TLP  wurde  ein  dreibasiges  Pulver  untersucht.  Abb.  5  zeigt  die  entsprechenden  Dia- 
gramme.  Versprodungstemperatur  (242  K)  und  Glasubergangstemperatur  (243  K)  liegen  sehr 
nahe  beisammen,  jedoch  zeigen  auch  die  rel.  groBen  MeBwertstreuungen,  daB  diese  sehr  gute 
Ubereinstimmung  nicht  bei  jeder  Messung  erwartet  werden  kann. 

Als  zweites  wurde  ein  zweibasiges  Pulver  untersucht  (Abb.  6).  Die  Ubereinstimmung  zwischen 
Glasubergangstemperatur  (248  K)  und  Versprodungstemperatur  (238  K)  ist  zwar  nicht  so  gut  wie 
bei  den  Messungen  am  dreibasisen  TLP,  jedoch  ist  auch  hier  die  Tatsache  zu  berucksichtigen,  daB 
es  sich  um  Messungen  am  Einzelkom  handelt.  Mit  238  K  beim  zweibasigen  TLP  liegt  der  Wert 
der  Versprodungstemperatur  gegeniiber  242  K  am  dreibasigen  TLP  im  erwarteten  Bereich. 

Das  einbasige  TLP  zeigt  erwartungsgemaB  keine  Versprodungsneigung.  Selbst  bei  210  K  liegt  der 
Mittelwert  der  Schlagzahigkeit  noch  uber  50  mJ/mm^. 

AbschlieBend  noch  die  Ergebnisse  von  Untersuchungen  an  zwei  Versuchs-TLP,  die  mit  TLP  A 
(Abb.  7)  und  TLP  B  (Abb.  8)  bezeichnet  wurden.  Die  ermittelten  Temperaturwerte  fur  Glasuber- 
gang  bzw.  Versprbdung  liegen  innerhalb  von  10  K,  wobei  besonders  bei  der  DMA  zu  erkennen 
ist,  daB  durch  Uberlagerung  der  EfFekte  der  Einzelkomponenten  eines  TLP  oft  die  Bestimmung 
eines  Maximums  in  der  E  T-  Kurve  sehr  schwierig  ist.  Die  Ergebnisse  des  Schlagscherversuchs 
sind  in  diesem  Fall  eindeutiger. 

(1)  Robert  J,  Lieb,  Mechanical  Response  and  Morphological  Charakterization  of  Gun  Propellant, 
ARL-TR-1205,  1996 

(2) .  R.C.  Warren,  Dynamic  Mechanical  and  Fracture  Properties  of  Some  Double  And  Triple  Base 
Gun  Propellants,  MRL-TR-93-40  Report,  1994 

(3)  TL  1376-  0701  Arbeitsvorschrift  2.7,  Bestimmung  des  Versprodungsverhaltens  von  Fest- 
treibstoffen  im  Schlagbiegeversuch 

(4)  STANAG  4540,  Explosives,  Procedures  for  Dynamic  Mechanical  Analysis  (DMA)  and  De¬ 
termination  of  Glass  Transition  Temperature 
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Priifvorrichtung  fiir  Schlagscherversuche 


Abb.  1 


Skizze  des  Versuchsaufbaus 


Abb.  2  Schlagz^gkeit  als  Funktion  der  Auftreffhohe  der  Plammerschneide  oberhalb  der 
Probenaufiiahme  gemessen  an  jeweils  drei  Einzelkomem 


Abb.  3  Ergebnisse  aus  DMA,  Glasubergangstemperatur  -35  °C  (238  K) 
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Abb.  4  Vergleich  der  Schlagz^gkeiten  ermittelt  ira  Schlagbiegeversuch  (Probe  6  x  6  x  70  mm ) 
und  im  Schlagscherversuch  (Probe  0  8  mm  ). 

Versprodungstemperaturen  :  Schlagbiege  242  K ,  Schlagscher:  234  K 
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Abb.  5  Dreibasiges  TLP,  Vergleich  der  Messergebnisse  aus  Schlagscherversuchen  und  DMA 
Glasiibergangstemperatur  243  K,  Versprodungstemperatur  242  K 
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Abb,  6  Zweibasiges  TLP,  Vergleich  der  Messergebnisse  aus  Schlagscherversuchen  und  DMA 
Glasubergangstemperatur  248  K  Verspr6dungstemperatur  238  K 
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Abb.  7  Einbasiges  TLP,  Vergleich  der  MeBergebnisse  aus  Schlagscherversuchen  und  DMA 
Weder  Glasubergang  noch  Versprodung  zu  erkennen,  bis  zu  tiefen  Temperaturen 
sehr  groBe  Schlagzahigkeit . 


135  -  11 


14 

12 


2  - 

0  -- 

200 


TLP  ’’A”  Schlagschertest  ^ 

■ 


— t— 

220 


— t— 

240 


a/ 


''x 


I 


I 

I 

I 


260 


X  Einzelwerte 
■  Mttelwerte 


280  300 


Temperatur  [K] 


Abb.  8  Ergebnisse  von  Schlagscherversuchen  an  einem  Versuchs  -  TLP  Glasubergangstempera- 
tur  243  K;  Versprodungstemperatur  253  K  AuBerdem  im  Schlagscherversuch  zu  erken- 
nen:  sehr  kleine  Schlagzahigkeiten  unterhalb  260  K 
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Abb.  9  Ergebnisse  von  Schlagscherversuchen  an  einem  Versuchs  -  TLP  Glasubergangstempera- 
tur:  etwa  343  K  (schwer  zu  bestimmen)  Versprodungstemperatur  333  K ,  Schlagzffig- 
keit  nimmt  unterhalb  von  Tv  kaum  noch  ab 
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BDNPA/F  AS  ENERGETIC  PLASTICIZER  IN  PROPELLANT 
FORMULATIONS 

G.M.Gore ,  R.G.  Bhatewara  ,  K.R.  Tipare ,  N.M.  WaIuuj,V.K.Bhat 

High  Energy  Materials  Research  Laboratory,  Pashan,  Sutanvadi, 
Pune,  India  411021 

ABSTRACT 

A  study  on  energetic  plasticisers  have  been  carried  out  for  their  use  as  a 
desensitiser  for  nitroglycerine(NG)  in  the  propellant  formulations.  Two  reported 
nitroplasticisers  bis  (2,2  dinitropropyl )  acetal  (BDNPA)  and  bis  (2,2  dinitropropyl )  formal 
(BDNPF)  were  synthesised  using  oxidative  nitration  route  for  converting  nitroethane  to 
gem-dinitroethane.  The  compounds  were  characterised  using  IR  and  NMR  techniques.  Impact 
and  friction  sensitivity  data  generated  with  mixed  plasticisers  showed  desensitisation  of 
nitroglycerine  on  incorporation  of  these  plasticisers.  Propellant  processed  using  these 
plasticizers  in  double-base  (DB)  and  composite  modified  double-base  (CMDB)  formulations 
gave  improved  energetics  and  bum-rate  as  compared  to  propellant  containing  inert  plasticiser 
such  as  diethyl  phthalate  (DEP).  BDNPA  and  BDNPF  gave  better  mechanical  and  thermal 
properties  in  combination,  rather  than  when  used  singly.  Plasticiser  viscosity  however  was 
found  to  be  higher  than  DEP,  and  thus  lowered  solid  loading  capability  in  CMDB  propellant. 
BDNPA  and  BDNPF  thus  appear  to  be  promising  candidates  for  high  energy,  minimum 
smoke  propellant  formulations 
INTRODUCTION 

Plasticizers  have  an  important  role  in  rocket  propellant  development  because  of 
their  potential  to  modify  the  propellant  characteristics  particularly  mechanical  properties 
and  energetics.  Plasticizers  having  energetic  groups  in  their  molecular  stmcture 
enhance  propellant  performance.  Research  work  is  being  conducted  on  compounds  with 
nitro,  nitroso,  fluro,  fluronitro,  azido  or  fluroamino  groups  for  application  in  propellant 
field  as  energetic  polymers  and  plasticizers'-'.  However,  nitroglycerine  (NG)  is  one  of  the 
earliest  energetic  plasticizer  and  is  still  being  used  on  large  scale  in  double  base  (DB), 
composite  modified  double  base  (CMDB)  and  elastomer  modified  double  base  (EMCDB) 
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propellants.  But  hazardous  nature  of  NG  dose  not  permit  its  use  as  such  during  propellant 
processing.  For  handling  NG,  its  desensitization  is  necessary  and  is  conventionally  done  by 
mixing  NG  with  inert  plasticizers  such  as  diethyl  phthalate  (DEP),  triacetine  (TA)  etc. 
However,  incorporation  of  these  inert  plasticizers  adversely  affect  the  propellant  energetics. 
Search  for  insensitive  but  energetic  plasticizers  led  to  synthesis  and  characterization  of 
nitroplasticizers  such  as  Bis  (2,2  dinitropropyl)  formal  (BDNPF)  and  acetal  (BONPA/.  Most 
of  the  data  on  the  propellant  compositions  using  these  nitroplasticizers  and  their  performance 
are  available  in  patent  form^  and  very  few  results  of  studies  on  desensitizing  effect  with  NG 
and  propellant  performance  characteristics  are  available  in  open  literature.  In  the  present 
study  these  plasticizers  have  been  synthesized,  characterized  and  used  in  DB  and  CMDB 
propellant  formulations  in  combination  with  NG.  Data  on  propellant  parameters  using  mixed 
plasticizer  are  also  included  in  the  paper. 

EXPERIMENTAL 

1.  Synthesis  of  plasticizers: 

Energetic  plasticisers  BDNPA  and  BDNPF  were  synthesized  following  the 
reported*  ’’  methods  involving  oxidative  nitration  of  nitroethane  (EtN02)  with  aqueous 
Na0H-NaN02-AgN0.i  and  its  condensation  with  aqueous  HCHO  to  get  2,2 
dinitropropanol.  Condensation  of  this  compound  with  paraformaldehyde  in  H2SO4  and  para 
acetaldehyde  in  BFj  etherate  gave  BDNPF  and  BDNPA  respectively.  The  overall 
sequence  of  reaction  involved  is  shown  in  fig-1.  The  plasticisers  were  prepared  on 
laboratory  scale  and  characterized  by  IR,  'HNMR  and  elemental  analysis.  FTIR,  Perkin- 
Elmer  model  1605  and  Bruker  90MHz  were  used  for  IR  and  NMR  respectively.  IR  spectra  of 
liquid  compounds  were  recorded  by  smear  method  where  as  NMR  were  recorded  using 
CDC13  as  a  solvent  with  tetra  methyl  silane(TMS)  as  an  internal  standard. 

Thermal  decomposition  and  sensitivity  properties  were  determined  for  these 
nitrocompounds  seperately  and  for  mixed  plasticizer  before  using  in  the  propellant 
formulations.  Thermal  decomposition  pattern  were  determined  in  air  and  recorded  using 
locally  fabricated  Micro  DTA  apparatus.  Heating  rate  and  sample  size  were  maintained  at  10° 
C/min  and  10  mg  respectively  in  all  the  DTA  experiments.  Friction  and  impact  sensitivity 
were  determined  using  Julies  peter  apparatus  and  fall  hammer  method, 

2.  Propellant  Processing: 

Ingredients  used  in  propellant  formulations  are  nitrocellulose  (12,2%  nitrogen  content) 
in  dense  spheroidal  form  of  25-45  micron  size,  nitroglycerine  desensitized(DNG)  with 
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insensitive  plasticizers  such  as  diethyl  phthalate(DEP)  or  nitroplasticizer(BDNPA/F), 
ammonium  perchlorate  (AP)  of  8-11  micron  size,  and  minor  amounts  of  stabilisers,  curing 
agents  and  curing  catalysts.  All  the  solid  ingredients  are  dried  to  moisture  level  of  less  than 
0.5%  before  processing.  Desensitized  nitroglycerine(DNG)  is  deaerated  under  vacuum  for  half 
an  hour  at  1 0mm  of  mercury  before  using.  Non  energetic  plasticizer  DEP,  curing  agent  toluene 
diisocyanate(TDl),  stabiliser  2-nitro  diphenyl  amine(2-NDPA)  and  curing  catalyst  ferric  acetyl 
acetonate(FAA)  are  procured  from  trade  and  are  used  as  such.  Propellant  processing  was  done 
by  slurry  cast  process*  in  1  kg  batch  size  by  mixing  all  ingredients  in  DNG  and  casting  in 
aluminium  moulds.  The  slurry  was  evacuated  for  'A  hour  at  less  than  10  mm  of  mercury 
before  curing  in  oven  at  60®  C  for  minimum  3  days.  Propellant  slabs  were  processed  both  in 
DB  and  CMDB  formulations. 

Cured  propellant  samples  were  cut  to  generate  data  on  mechanical  properties,  thermal 
stability,  bum  rates,  cal-val,  etc.  and  propellant  energetics  were  calculated  by  thermochemical 
calculations  using  NASA  -273  programme’.  Propellant  mechanical  properties  were 
determined  using  universal  test  machine  (INSTRON)  on  tensile  samples  as  per  ASTM 
standard.  Heat  test  was  conducted  at  160®F  as  per  BS  standard.  Burning  rate  was 
determined  by  burning  6.0  mm  strands  in  an  indigenously  built  up  equipment  using  acoustic 
signal  for  determining  bum  time.  Cal-Val  was  determined  using  Julius  Peter  calorimetric 
bomb  at  0.01  g/cc  loading. 

RESULTS  AND  DISCUSSION 

1  .Plasticizer  characterisation: 

IR  traces  of  BDNPF  and  BDNPA  are  given  in  fig  3  where  as  NMR  traces  are 
given  in  Fig-4  &  5  respectively. 

The  IR  spectrum  of  BDNPF  and  BDNPA  showed  the  characteristic  peaks  of  gem- 
dinitro  group  frequencies  at  1576  cm''  (asymmetric  C-N02  stretching)  and  1328  cm'' 
(symmetric  C-N02  stretching)  as  well  as  at  1142  cm''  and  1018  cm''  for  >C-0-C<  ether 
linkage. 

'-HNMR  for  BDNPF  gives  peaks  for  three  different  types  of  protons  at  2.2  5  (6H 
singlet),  4.2  6  (4H  singlet),  4.8  5  (2H  singlet),  whereas  for  BDNPA  peaks  are  observed 
at  2.1  5  (6H  singlet),  1.36  (3H  doublet),  4.2  5  (4H  singlet),  4.8  6  (IH  quarterlet). 
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Fig-2  shows  the  DTA  decomposition  pattern  for  BDNPA  and  BDNPF.  Both  the 
plasticizers  show  exothermic  decomposition  with  a  peak  at  around  248-250°  C  indicating  the 
energetic  nature  of  the  plasticizers. 

2.  Plasticizer  Parameters: 

The  plasticizer  and  propellant  formulations  taken  up  in  the  present  study  are  given  in 
Table  -  1  and  2  ,  The  comparative  physical  properties  and  plasticizer  parameters  affecting  the 
propellant  performance  are  given  in  Table  -3  and  4  respectively  for  these  plasticizers.  As 
compared  to  energetic  plasticizer  NG,  these  nitro-plasticizer  are  stable  as  seen  from  the  data  in 
table-3.  Boiling  points  have  been  reported  at  pressures  of  0.01  mm  for  BDNPA/F  at  around 
150°C  whereas  NG  decomposes  on  heating.  Both  BDNPF  and  BDNPA  have  higher  melting 
points  as  compared  to  DEP  and  NG  while  1:1  mixture  of  BDNPA  and  BDNPF  exhibit  lower 
melting  point  and  can  be  used  as  a  liquid  plasticizer  in  this  combination..  Density  values  of 
BDNPA/F  are  higher  than  DEP  which  is  an  added  advantage.  However  higher  viscosity  values 
as  compared  to  DEP,  affect  the  solid  loading  capability  of  these  nitroplasticizers  in  propellant 
formulations.  The  pararmeters  affecting  propellant  performance  such  as  heat  of  formation(Hf), 
cal-val.  Oxygen  balance(O.B.)  are  given  in  Table  -4.  Cal-val  and  O.B.of  nitroplasticizer  and 
nitroplasticizer-NG  combinations  are  either  positive  or  less  negative  respectively  as  compared 
to  NG-DEP  combination  indicating  the  energetic  nature  of  mixed  plasticizer.  On  the  contrary 
sensitivity  values  are  comparable  with  the  mixture  of  NG-  DEP  making  the  NG-BDNPA/F 
highly  attractive  energetic  plasticizer  and  an  alternative  to  the  inert  NG-DEP  combination. 

3.  Propellant  performance : 

Preliminary  studies  on  processing  and  curing  using  nitroplasticizer  was  done  using  NG- 
BDNPF  combination  as  a  plasticizer  in  a  DB  formulation.  Data  generated  on  mechanical 
properties  and  stability  as  seen  from  the  Table-4  and  5  indicate  comparable  values  both  in 
mechanical  properties  and  thermal  stability  results  as  compared  to  composition  containing 
DEP.  Increase  in  energetics  were  found  to  be  substantial  as  seen  from  cal-val  and  specific 
impulse(Isp)  data  in  table-6.  Cal-val  increased  by  20-30%  where  as  Isp  increased  by  10%. 

BDNPF  when  used  singly  as  NG-BDNPF  plasticizer  in  filled  propellant  formulations  of 
CMDB  showed  decrease  in  mechanical  properties  and  further  studies  were  conducted  using 
eutectic  combination  of  BDNPA/F  as  NG-BDNPA/F  plasticizer  in  CMDB  formulations.  In 
this  case  comparable  mechanical  properties  were  obtained  to  NG-DEP  formulations.  Increase 
in  cal-val  and  Isp  were  seen  to  be  as  obtained  in  case  of  DB  formulations(  30%  &  10% 
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respectively)  indicating  the  advantage  of  these  nitroplasticizer  combinations  in  CMDB 
propellant.  Thermal  stability  as  indicated  by  the  heat  test  results  show  comparable  values  with 
the  NG-DEP  composition  indicating  no  adverse  effect  of  nitroplasticizers  in  CMDB 
propellant.  Bum  rate  results  showed  in  table-5  indicate  a  remarkable  increase  upto  40%  in 
bum-rate  in  the  pressure  range  of  50  -  100  kg/cm^  and  further  studies  on  combustion  aspect 
may  be  necessary  to  understand  this  increase  in  bum-rate. 

CONCLUSIONS 

BDNPA/F  combination  appears  to  be  promising  energetic  plasticizer  in  propellant 
formulations.  The  preliminary  study  conducted  with  thermal  stability  and  processability  of 
propellant  compositions  showed  no  adverse  effect  as  compared  to  inert  plasticizer  such  as 
DEP.  BDNPA/F  may  thus  find  application  in  high  bum-rate,  energetic  low  solid  loaded 
propellant  formulations. 
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Fig  3  :  I  R  Spectra  of  BDNPA  and  BDNPF 


Fig  4 :  ‘H  NMR  Spectra  of  BDNPF 


Fig  5;  Spectra  of  BDNPA 
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NG 

DEP 

BDNPF 

BDNPA 

NG-DEP 

NG/BDNPF 

NG/BDNPA/F 

Note:  mixed  plasticizers  contain  78%  NG  and  2%  2-NDPA 


Table  1-  List  of  plasticizers  and  their  combinations 


Sr.  Propellant 
No.  Class 

DNC 

NG 

Composition 

DEP  BDNPF  BDNPF/A  2-NDPA 

AP 

TDI 

1.  DB 
(control) 

50 

39 

10 

1 

0.5 

2.  DB 
(BDNPF) 

50 

39 

10 

1 

0.5 

3.  DB 

(BDNPA/F) 

50 

39 

10 

1 

0.5 

4.  CMDB 
(Control) 

40 

31.2 

8 

0.8 

20 

0.5 

5.  CMDB 
(BDNPF) 

40 

31.2 

8 

0.8 

20 

0.5 

6.  CMDB 
(BDNPA/F) 

40 

31.2 

8 

0.8 

20 

0.5 

Table  2-  Propellant  compositions 
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Sr.  Plasticizer 
No. 

B.P. 

“  C 

M.P. 

“  C 

Density 

at 

27“  C 
glee 

Viscosity 

at 

27“  C 
cps 

1.  NG 

Decomposes 

2.2  &1 3.2 

1.59 

- 

2.  DEP 

298 

-40 

1.12 

28 

3.  BDNPF 

149/0.01  mm  Hg 

31 

1.41 

- 

4.  BDNPA 

150/0.01  mm  Hg 

33-35 

1.36 

- 

5.  BDNPA/F 

150/0.01  mm  Hg 

-18 

1.39 

250 

Table  3  -  Physical  properties  of  plasticizers 


Sr. 

No. 

Plasticizer 

-Hf 

cal/g 

Cal-Val 

cal/g 

Oxy-Bal 

% 

Sensitivity 

Impact  Friction 
cm  >  kg 

1 

NG 

392 

1785 

+  3.5 

1 

36 

2 

DEP 

806 

-1765 

-194 

170 

36 

3 

BDNPF 

457 

700 

-51 

170 

36 

4. 

BDNPA 

484 

700 

-63 

170 

36 

5. 

NG-DEP 

464 

1003 

-39 

90 

36 

6.  NG-BDNP/VF 

395 

1496 

-11 

85 

36 

Table  4  -  Plasticizer  parameters  affecting  propellant  performance 
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Table  6  -  Propellant  parameters  -  Stability  properties  &  energetics 


137  -  1 


USE  OF  HEADSPACE  GAS  CHROMATOGRAPHY  -  MASS 
SPECTROMETRY  TO  IDENTIFY  AND  MONITOR  GASES 
EVOLVED  DURING  AGING  OF  ENERGETIC  MATERIALS 


Anjum  N  Agha,  John  M  Bellerby  and 
Christopher  S  Blackman 

Department  of  Environmental  and  Ordnance  Systems 
Cranfield  University 
RMCS  Shrivenham 
Swindon  SN6  SLA,  Great  Britain 


ABSTRACT 

Automatic  headspace  sampling  in  conjunction  with  capillary  gas 
chromatography  employing  a  dual-column  switching  system 
coupled  to  a  mass  spectrometer  has  been  investigated  as  a  means 
of  identifying  gases  evolved  from  energetic  materials  and  of 
monitoring  their  evolution  as  a  function  of  time.  Four  of  the 
principal  gases  arising  from  nitrate  ester  propellant  degradation 
during  accelerated  aging  (CO,  CO2,  NgO  and  N2)  can  be  successfully 
separated  using  this  approach  and  the  sensitivity  of  the  detection 
system  allows  gas  monitoring  to  be  carried  out  at  temperatures 
close  to  ambient.  Evolution  rates  of  individual  gases  can 
therefore  be  determined  over  a  wide  range  of  aging  temperatures. 
An  example  of  the  application  of  the  system  is  presented. 

INTRODUCTION 

Gas  chromatography  has  been  extensively  used^"'*  to  separate  and 
detect  permanent  gases  evolved  from  propellants  and  other 
energetic  materials  during  natural  and  accelerated  aging.  Such 
investigations  can  help  in  understanding  the  decomposition 
mechanisms  of  a  range  of  established  and  novel  energetic 
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materials  and  are  of  particular  value  in  the  study  of  double  base 
rocket  propellants  which  are  susceptible  to  gas  cracking. 

Various  types  of  gas  sampling  equipment  have  been  used  but  in 
most  cases  the  energetic  material  is  held  in  an  evacuated  vessel 
with  the  gases  being  sampled  periodically  and  injected  onto  the 
GC.  Separation  has  been  achieved  with  a  single  packed  column 
using  temperature  programming^  or  with  a  system  involving  two 
packed  columns  in  series^  maintained  at  widely  different 
temperatures.  The  gases  have  been  detected  using  either  a 
thermal  conductivity  detector  (TCD)  or  by  mass  spectrometry. 

Recently  the  use  of  headspace  sampling  gas  chromatography  for 
analysing  gases  evolved  from  solid  propellants  aged  in  air  has 
been  reported®.  In  this  study  a  number  of  identical  propellant 
samples  were  held  in  standard  crimp  top  glass  vials  under  normal 
atmospheric  conditions  and  the  vials  were  sampled  in  turn  after 
increasing  aging  periods  using  a  headspace  autosampler. 
Separation  of  gases  was  achieved  by  column  switching  using  two 
capillary  columns  and  detection  was  by  TCD.  As  part  of  a 
continuing  investigation  into  the  aging  properties  of  energetic 
materials  we  have  sought  to  extend  this  approach  by  using 
narrower  bore  columns  to  improve  chromatographic  separation 
and  by  interfacing  the  GC  to  a  mass  spectrometer  to  give  greater 
sensitivity. 

EXPERIMENTAL 

Apparatus 

Analyses  were  performed  using  a  Dani  3950  HSS  automatic 
headspace  sampler  interfaced  to  a  Fisons  MD800  gas 
chromatograph  -  mass  spectrometer  running  under  Masslab 
software.  A  Chrompack  PoraPLOT  Q  fused  siiica  porous  layer  open 
tubular  (PLOT)  column  (30  m  long  x  0.32  mm  internal  diameter  x 
10  pm  film  thickness)  and  a  Chrompack  Molsieve  5  A  fused  silica 
PLOT  column  (25  m  long  x  0.32  mm  internal  diameter  x  30  |im  film 
thickness)  were  installed  in  series  on  the  GC.  Column  switching 
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was  achieved  by  means  of  a  Valeo  EH4N10WE  10-port  valve  and 
attempts  were  made  to  reduce  pressure  fluctuations  during 
switching  by  incorporating  a  J&W  DB1  restrictor  (15  m  long  x 
0.32  mm  internal  diameter  x  1  pm  film  thickness)  in  iine  with  the 
PoraPLOT  Q  coiumn  when  the  latter  was  used  alone.  A  deactivated 
fused  siiica  column  (15  m  long  x  0.32  mm  internal  diameter)  was 
used  as  a  transfer  iine  to  connect  the  outiet  of  the  10-port  valve 
to  the  mass  spectrometer.  Samples  were  injected  onto  the  GC 
using  a  split-splitiess  injector  held  at  250°C  and  the  carrier  gas 
was  helium. 

Procedure 

Column  switching  was  set  up  to  achieve  baseiine  separation  of 
CO,  CO2,  N2O  and  N2.  These  gases  couid  be  successfully  separated 
from  O2  although  it  was  found  that  the  latter  co-elutes  with 
argon  (Ar)  if  that  gas  is  aiso  present. 

Initially  the  system  was  configured  to  aliow  the  injected  gas 
sample  to  pass  first  through  the  PoraPLOT  Q  coiumn  (column  1) 
and  then  through  the  Molsieve  5A  column  (column  2).  This 
configuration  (valve  Position  A)  is  shown  schematicaily  in  Figure 
1  (where  PI  and  P2  are  the  carrier  gas  pressures  in  the  two  parts 
of  the  system)  and  was  maintained  until  the  co-eluting  N2/CO/O2 
had  passed  onto  the  Molsieve  5A  column.  The  valve  was  then 
switched  so  that  the  remaining  gas  sample  flowed  through  the 
PoraPLOT  Q  column  (column  1)  and  the  restrictor  only  (Position  B, 
Figure  2).  It  was  kept  in  Position  B  until  the  CO2  and  N2O  peaks 
had  been  detected  whereupon  the  valve  was  switched  back  to 
Position  A  to  allow  the  gases  which  had  passed  onto  the  Molsieve 
5k  column  to  elute  from  the  system.  Under  the  the  GC  conditions 
normally  employed  it  was  found  that  the  first  switch  was 
required  at  about  6.5  minutes  and  the  second  at  just  under  10 
minutes. 

Calibration  gas  mixtures  were  injected  directly  onto  the  GC  using 
a  gas  tight  syringe.  Propellant  samples  were  loaded  into  separate 
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20  cm3  vials  and  aged  for  various  periods  before  being  placed  in 
the  headspace  sampler  for  automatic  programmed  analysis. 

RESULTS  AND  DISCUSSION 

Injection  of  a  N2O/N2/CO/CO2  calibration  gas  mixture  showed 
that  the  column  switching  system  was  capable  of  achieving 
complete  baseline  separation  of  these  gases  under  isothermal 
conditions  (50°C)  to  give  an  elution  order  of  CO2,  N2O,  N2,  CO.  The 
approximate  retention  times  for  a  typical  carrier  gas  pressure  of 
50  kPa  were:  CO2  -  7.8  mins,  N2O  -  8.3  mins,  N2  -  14.8  mins  and 
CO  -  36.0  mins.  O2  and  Ar  elute  together  after  11.2  mins  under  the 
same  conditions.  It  was  possible  to  shorten  the  analysis  time  by 
setting  up  a  simple  temperature  programme  about  14  minutes  into 
a  run.  This  involved  raising  the  oven  temperature  to  140°C  at  a 
rate  of  10°C  min'i  and  then  holding  it  there  for  one  minute.  The 
retention  time  of  CO  was  thereby  reduced  to  less  than  25  minutes. 

The  technique  has  been  used  for  investigating  gas  evolution  from 
a  number  of  different  propellants  undergoing  accelerated  aging  in 
air  and  two  typical  total  ion  chromatograms  from  different 
stages  of  one  such  study  are  presented  in  Figures  3  and  4.  In  this 
case  the  propellant  yielded  increasing  quantities  of  N2O  with 
time  and  it  was  important  that  the  column  switching  system 
could  successfully  separate  this  gas  from  CO2.  No  CO  was  evolved 
and  the  chromatograms  do  not  extend  to  the  point  where  CO  would 
have  eluted. 

The  monitoring  of  each  gas  in  the  aged  air-filled  vials  was 
carried  out  by  comparing  the  peak  area  for  the  selected  gas  with 
the  peak  area  for  Ar  from  each  headspace  sample  and  then 
plotting  this  ratio  as  a  function  of  the  aging  time  of  the  vial. 
Although  Ar  was  not  able  to  be  separated  chromatographically 
from  O2  its  GC  peak  is  readily  identified  by  using  the  mass  filter 
function  in  the  Masslab  software  and  it  can  therefore  be  used  as 
an  internal  calibrant. 
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The  column  switching  system  described  herein  has  been  used 
successfully  for  monitoring  gases  evolved  at  temperatures  as  low 
as  30°C.  Further  work  is  underway  in  an  attempt  to  increase  the 
range  of  examinabie  gases  and  to  extend  the  applications  of  the 
technique. 
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Figure  2.  GC  Column  Configuration  for  Valve  Position  B 
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Abstract 

Lattice  Imperfections  play  an  important  role  in  the  production  and  quality  assurance 
of  energetic  materials  as  they  Influence  properties  like  the  mechanical  sensitivity, 
elasticity  and  stability.  However,  the  quantitative  detection  of  lattice  imperfections 
is  difficult.  Direct  methods  measure  small  areas  that  are  often  not  representative, 
and  the  preparation  is  troublesome  and  could  induce  imperfections  by  Itself.  Inte¬ 
gral  methods  characterize  larger  sample  volumes  and  deliver  average  values  that 
are  useful  for  quantitative  detection.  Especially  suited  is  X-ray  diffraction,  as  the  Im¬ 
perfections  effect  the  diffration  to  a  reasonably  observable  extent. 

The  paper  gives  the  theoretical  background  for  the  Investigation  of  lattice  imperfec¬ 
tions  with  X-ray  diffraction  that  should  be  introduced  as  a  method  for  the  charac¬ 
terization  of  energetic  materials  like  HMX,  CL20  and  ADN. 

Zusammenfassung 

Gitterdefekte  spielen  eine  wichtige  Rolle  bei  der  Herstellung  und  QualltCitssIcherung 
von  energetischen  Materialien,  da  sie  wichtige  Eigenschatten  wie  die  mechanische 
Empfindlichkelt,  Elastizitdt  und  Stabilitdt  beeinflussen.  Ihre  quantitative  Erfassung  ist 
schwierig.  Direkte  Methoden  beleuchten  kleine,  oft  nicht  reprdsentative  Ausschnitte, 
und  sie  sind  meist  mit  aufwendigen  Prdparationen  verbunden,  die  selbst  Defekte 
erzeugen  kPnnen.  Integrale  Methoden  charakterisieren  grPBere  Probenvolumen  und 
liefern  Mittelwerte,  die  eine  quantitative  Erfassung  unterstCitzen.  Besonders  bietet  sich 
die  RPntgenbeugung  zur  Untersuchung  an,  da  hier  aussagekrdftige  Effekte  von  Git- 
terdefekten  auf  die  Beugungsphdnomene  auftreten. 

Die  Arbeit  gibt  die  theoretischen  Grundlagen  fOr  Untersuchungen  von  Gitterfehlern 
mit  Hilfe  der  RPntgenbeugung.  Die  Methode  soil  fur  die  Untersuchung  von  kristallinen 
energetischen  Materialien  wie  Oktogen,  CL20  und  ADN  Anwendung  finden. 
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Introduction 

The  requirements  to  energetic  systems  increase  continuousiy.  Especiaily  systems  with 
increased  performance  and  LOVA  characteristics  are  needed.  Therefore  new  ener¬ 
getic  materials  as  CL20  are  proposed  for  applications  In  solid  propellants.  On  the 
other  hand  high  performance  materials  as  HMX  could  be  used,  if  the  material  prop¬ 
erties  are  improved  for  example  by  recrystallization  procedures  avoiding  lattice  im¬ 
perfections  (Heijden  et  al.  1996). 

Lattice  imperfections  Influence  properties  like  mechanical  sensitivity,  elasticity  and 
stability.  Their  characterization  should  be  envisaged  for  the  characterization  of  en¬ 
ergetic  materials  as  HMX,  CL20  and  ADN  as  well  as  for  the  evaluation  of  recrystalliza¬ 
tion  procedures. 

Lattice  Imperfections 

There  are  three  important  types  of  lattice  imperfections  Influencing  material  proper¬ 
ties:  Thermal  and  chemical  imperfections  and  dislocations.  Thermal  lattice  imperfec¬ 
tions  are  vacancies  or  interstitial  atoms.  They  belong  to  the  thermodynamical  equi¬ 
librium  and  can  not  be  avoided  by  careful  preparation.  Chemical  lattice  imperfec¬ 
tions  are  impurities  on  lattice  sites  or  interstitials.  For  example  a  volume  of  1cm’  with  a 
purity  of  99,9999%  includes  about  10"  foreign  atoms. 

Dislocations  are  lattice  imperfections  that  extend  through  crystallites  as  edge  or 
screw  dislocations  built  by  plastic  deformations  or  misfits  in  crystallization  processes 
(Bohm  1995).  The  dislocations  glide  easily  perpendicular  to  the  dislocation  edge 
causing  plastic  properties  of  solids.  However,  dislocations  often  settle  down  at 
chemical  imperfections,  which  explain  the  hardening  of  steal  caused  by  impurities 
(Gerthsen  et  al.  1989). 

The  dislocation  density  p  (cm’’)  is  defined  os  the  length  of  all  dislocation  lines  per  vol¬ 
ume.  Typical  values  of  metals  amount  to  10’  per  cm’,  where  dislocation  lines  add  to 
a  length  of  10  km  (Bohm  1995). 

The  lattice  imperfections  distort  the  lattice  and  change  lattice  distances.  They  are 
described  by  the  strain  which  is  defines  by  e=Ad/d,  where  Ad  is  the  difference  be¬ 
tween  distorted  and  undistorted  lattice  distance  d  .  The  distorting  force  per  area  is 
called  stress. 
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Detection  of  Lattice  imperfections 

The  detection  and  quantitative  determination  of  lattice  Imperfections  is  difficult.  Di¬ 
rect  methods  as  high  resolution  electron  microscopy  or  scanning  tunnel  microscopy 
Include  small  areas  that  are  often  not  representative,  and  at  low  imperfection  densi¬ 
ties  the  probability  to  find  imperfections  Is  rather  small.  Besides,  the  preparation  of 
thin  films  for  the  high  resolution  electron  microscopy  is  troublesome  and  may  induce 
imperfections  by  itself.  On  the  other  side  scanning  tunnel  microscopy  measures  only 
surfaces. 

Direct  or  integrated  methods  base  on  measurements  of  the  density,  intrinsic  energy, 
specific  heat  or  electric  conductivity.  However,  the  most  informative  integral  effects 
of  dislocations  rely  on  their  influence  on  diffraction  phenomena  especially  of  X-ray 
diffraction  (Bohm  1995). 

X-ray  Diffraction 

The  use  of  diffraction  line  profiles  for  the  investigation  of  micro  crystalline  properties  is 
nearly  as  old  as  the  powder  diffractometry  itself,  in  1918  Scherrer  reported,  that  the 
breadth  of  diffraction  lines  are  inverse  to  the  size  of  crystallites.  Van  Arkel  found  1925, 
that  lines  are  broadened  by  micro  strains.  The  evaluation  of  these  effects  is  based  on 
the  kinematic  theory  of  the  X-ray  diffraction  by  polycrystalline  structures.  X-rays  are 
diffracted  by  electrons  under  special  geometrical  conditions,  described  by  the 
Bragg  law  and  the  Laue  equations.  The  theory  proposes  sharp  reflection  lines  or 
peaks  for  perfect  large  crystallites.  However,  such  sharp  lines  are  not  found  in  real 
experiments,  as  the  lines  are  broadened  by  geometrical  and  physical  effects. 

Therefore  the  first  task  of  a  peak  profile  analysis  is  the  determination  of  the  pure  dif¬ 
fraction  profile  due  to  the  diffraction  at  the  sample  (Klug  and  Alexander  1974). 
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Determination  of  the  pure  Line  Profiie 

The  superposition  of  geometricoi  and  pure  iine  profiie  is  described  by  the  convoiu- 
fion  os  shown  in  equation  1 . 

+- 

*(e)  =  «  *  /  =  j  «(ri)/(e  -n  Vn  [1  ] 

The  pure  line  profile  f  con  be  determined  by  deconvolution  of  the  measured  profile 
h  and  the  geometrical  profile  g.  Useful  methods  are  the  Fourier-method  (Stokes 
1948)  and  the  method  of  the  iterative  deconvolution  (Ergung  1968). 

The  Fourier  method  yields  the  pure  line  profile  as  a  Fourier  series  and  their  Fourier 
coefficients 


/(e)  =  — y  )cos^  +  y  )sin^ 


?  ^  .  [2] 

The  iterative  deconvolution  uses  the  difference  between  the  measured  profile  and 
the  convolution  g'h  as  a  first  approximation  of  the  effect  of  the  convolution  g*f.  The 
method  starts  with 


fi=fo+{h-8*fo)  =  h  +  {h-g*h)  J3J 

and  approximates  the  pure  line  profile  with 

The  method  deliver  a  curve  of  the  pure  line  profile. 

Both  methods  need  geometrical  profiles,  that  are  practically  obtained  from  meas¬ 
urements  of  nearly  perfect  crystals. 

Analysis  of  the  pure  Line  Profile 

The  pure  line  profile  includes  the  effects  of  the  sample  on  the  breadth  and  profile 
shape  due  to  micro  strain  and  particle  size  simultaneously.  The  most  used  method  for 
the  separation  and  evaluation  of  the  strain  and  stress  effects  is  based  on  the  theory 
of  Warren  and  Averbach  (1950).  Besides,  the  method  of  Williamson  and  Hall  will  be 
used  for  the  separation. 
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Fourier-Method  of  Warren  and  Averbach 

Warren  and  Averbach  start  with  the  assumption,  that  for  a  given  crystailite  the  vec¬ 
tor  location  of  the  origin  of  a  particular  unit  cell  Is  defined  as 

/?„  =  maj -l-ffWj  H-dfwii/njmj)  [5] 

where  the  m,,  and  m,  are  the  number  of  unit  cells  along  a,,  and  a,  and 
5(m,m/n3)  allows  distortion  displacements.  Using  the  powder  pattern  power  theo¬ 
rem  the  profile  Is  expressed  as  the  Fourier  series 

KhJF^  +“ 

^’(20)  =  Z(A,  cos2it«fi3 -i- sin 271/1/13) 

sin  0  [6] 

with  the  Fourier  coefficients 


A,  =  ^(cos27r/Z„)  B,  =  _^(sin2jiZZ„) 
"3  and  "3 


The  coefficients  are  obtained  by  the  deconvolution  with  the  Fourier  method. 


The  cosine  coefficient  A„  Is  the  product  of  A/yN,  which  depends  only  on  the  size  and 
<cos2n  IZ^  which  depends  only  on  the  distortion.  Denoting  size  and  distortion  by 
superscripts  S  and  D,  respectiveiy,  we  have  then 


,nd  =  [81 

The  separation  of  a/  and  A„°  is  based  on  the  fact  that  the  size  coefficient  is  inde¬ 
pendent  of  order  z  ,  whereas  the  distortion  coefficient  is  a  function  of  Z  and  ap¬ 
proach  unity  as  I  goes  to  zero.  On  the  assumption  that  /  and  n  are  small  the  loga¬ 
rithm  of  the  measured  Fourier  coefficients  may  be  written  as 


lnA„(Z)  =  lnA„*-27t^Z^(z,^) 

Now  for  each  fixed  value  of  n  the  value  of  In  A„(l)  is  plotted  against  l‘  (see  fig.  ...), 
whereupon  the  Z'  zero  Intercepts  give  the  size  coefficient  and  the  slopes  give  val¬ 
ues  of  -2ii‘<Z^>,  where  <Z^>  can  be  replaced  by  n^<tL>,  from  which  the  mean- 
square  values  of  the  component  of  <eL>  strain  may  be  calculated. 
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Williamson-Hall-Plot 

An  other  method  for  the  separation  of  strain  and  size  effect  is  the  Williamson-Hall  plot 
(1953).  Starting  with  a  strain  contribution  with  an  integral  breadth  ^  the  correspond¬ 
ing  Integral  line  breadth  p,  due  to  strain  is 


P.  -2|tan6  j.|qj 

where  0  is  the  Bragg  angle.  In  terms  of  the  reciprocal  lattice  strain  broadens  the  re¬ 
ciprocal  lattice  points  to  a  breadth  p  *. 

ft  2 

P*  =  -^cos6  rf*  =  — sin6 
^  and  >■ 


Particle  size  broadening  has  been  shown  to  obey  the  relation 


[11] 


tCOsO  or  [12] 

where  X  is  the  X-ray  wavelength  and  f  is  a  mean  linear  dimension  of  the  particle.  The 
reciprocal  lattice  breadth  due  to  particle  size  is  a  constant  independent  of  d*  and 
equal  to  1/t. 

However,  the  method  consists  essentially  in  plotting  the  breadth  of  the  reciprocal 
lattice  points  against  their  distances  from  the  origin.  Small  particles  alone  then  give  a 
horizontal  plot  with  an  intercept  at  1/t  and  strain  alone  gives  a  line  through  the  origin 
with  a  slope  if  the  strain  distribution  is  isotropic.  The  composite  broadening  pro¬ 
duced  by  simultaneous  small  particle  size  and  strain  depends  to  some  extend  on  the 
broadening  functions  of  the  separated  effects. 

Measuring  Systems 

The  measuring  systems  consist  of  Siemens  diffractometers  equipped  with  a  primary 
or  a  channel-cut  monochromator  to  minimize  the  line  broadening  due  to  the 
measuring  geometry.  With  the  channel-cut  monochromator  peak  widths  are  re¬ 
duced  to  about  0.02  degree  two  theta,  which  is  near  the  values  obtained  by  syn¬ 
chrotron  radiation.  The  measuring  systems  will  be  optimized  for  the  investigation  of 
lattice  imperfections.  First  results  will  be  presented  at  the  poster. 
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I.  SUBJECT; 

The  aim  of  this  work  is  to  replace  the  linkage  of  two  computation  codes  by  simple  analytical  formulae 
elaborated  using  an  experimental  design  method.  These  formulae  are  then  applied  to  the  combustion  of 
propellants  and  their  erosion  characteristics  are  evaluated. 

The  two  computation  codes  are: 

-  ALJAN  in  its  isobaric  version  (previous  version  of  ALJAN  EP) 

-  RADCAL  which  calculates  the  IR  emission  spectra  of  a  combustion  and  its  total 
directional  radiation  in  the  conect  spectral  band. 


II.  CODES  USED: 

Il-A.  ALJAN 

The  physical  following  terms  are  defined  by: 


Product  Chemical  species  formed  at  the  end  of  the  combustion 

Reactant  Chemical  species  existing  at  ignition 

Energy  of  formation  Energy  used  to  form  a  reactant  or  a  product,  under  isochoric 

conditions  and  at  standard  temperature,  from  the  elements 
taken  in  their  stablest  state 

Energy  used  to  form  a  reactant  or  a  product,  under  isobaric 
conditions  and  at  standard  temperature,  from  the  elements 
taken  in  their  stablest  state 
number  of  atoms  k  in  the  chemical  species  i. 
number  of  atoms  k  in  the  reactant  medium, 
atom  name  from  species  k 
mole  number  of  species  i. 
chemical  potential  of  species  i 
fiigacity 

standard  fiigacity 
pressure 


Enthalpy  of  formation 


aik 

Ak 

Xk 

"i 

Pi 

O 

6 

P 
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P°  standard  pressure 

r  magnitude  of  the  gaussian  perturbation 
R  perfect  gases  constant  <8,3 14  J/mol/K) 

T  temperature  (K) 

V  Volume  (m^) 

§  random  integer  number 

^  random  real  number  taken  between  0  and  1 

11-A-l.  GENERAL  PRESENTATION 

The  purpose  of  this  software  is  to  compute  the  thermotfynamic  variables  of  the  combustion: 

-  Flame  temperature  or  balance 

-  Combustion  energy 

-  Composition  of  reactant  products 

It  can  be  used  for  every  pyrotechnic  composition,  powder  or  explosive. 
ll-A-2.  EQUATIONS  OF  THE  MODEL 


In  this  report,  only  the  case  of  the  composition  of  products  as  a  ftmction  of  temperature  or 
pressure  will  be  considered.  Isochoric  (u=uo,  v==vo)  and  isobaric  (h=ho,  p=po)  cases  are  easily 
solvable  once  the  distribution  of  combustion  products  is  known. 

Two  equations  have  to  be  solved  simultaneously; 

1-  Mass  law  action  : 

For  the  chemical  reaction 


x:  x]  ■ 


the  conservation  balance  of  matter  can  be  written; 

ne!,petxs 

Vi  e[l..«ato/weA]=>  ^anH,  =  A,,  (1) 

(n| 


Every  vector  n  has  to  answer  to  this  equation. 

2-  Minimal  free  enthalpy: 

Free  enthalpy  is  related  to  the  entropic  balance  of  the  reaction.  A  minimum  value  exists 
for  the  best  thermodynamical  reaction.  This  approach  does  not  take  into  account  the 
chemical  kinetics  of  the  reaction. 

neipccfM 

F=  minimale  (11) 

i=l 


The  chemical  potential  p  is  calculated  following: 


(III) 


In  case  of  a  perfect  gas  (PV=nRT),  this  equation  becomes: 
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/ 

f  \ 

//,  =/j'  +al. 

/jrin 

+  /jrin(P/P°) 

where 

cd  =  1  for  gaseous  species 
cd  =  0  for  condensed  phases 

These  equations  are  easily  solved  using  Lagrange's  multiplicator  method  This 
method  consists  in  writing  the  sum  of  (1)*X(11)  and  then  deriving  it  with  respect  to  all 
the  unknown  variables 
ll-B,  RADCAL 

The  physical  terms  employed  for  this  part  of  the  computation  are: 


Intensity  Ix  ( W/cmVsr/pm)  Monochromatic  energy  radiated  the  medium 

Total  directional  Intensity  1  (W/cmVsr)  Total  directional  intensity  integrated  in  the  spectral 

band  considered 

Blackbod)’  Intensity  l°x  (W/cmVsr/pm)  Energ>'  radiated  by  the  reference  emitter 


Absorption  coefficient  k  (m’') 

Scattering  coefficient  a  (m"’) 
Extinction  coefficient  (i  (m'') 
Optical  pathlength  s  (m) 

Temperature  T  (K) 

Transmittivity  x 


(blackbody) 

Part  of  the  emitted  energy  absorbed  by  the  gaseous 
medium 

Part  of  the  energy  scattered  b>'  the  medium 
Simi  of  the  absorption  and  scattering  effects 
Optical  length  along  which  the  computation  of 
radiative  transfer  is  made 
Temperatme  of  the  homogeneous  path  considered 
in  the  medium 

Trarrsmittivity  of  the  gaseous  colunm  considered 


lI-B-1 .  GENERAL  PRESENTATION  AND  HYPOTHESIS  OF  THE  MODEL 


The  aim  of  this  computation  code  is  to  determine  the  infrared  emission  spectra  (1  to 
200pm)  of  hydrocarbon  combustion  from  the  gaseous  and  particle  concentration  of  the 
medium.  At  first  sight,  this  t)pe  of  computation  can  be  made  with  isobaric  combustion;  this 
thermodynamic  computations  have  been  made  with  this  configuration. 

The  gaseous  species  taken  into  account  are:  CO2.  H2O.  CH4,  CO,  Oj,  N2.  Carbon 
particles,  most  commonly  called  soot,  foimd  in  a  more  or  less  substantial  quantity  in 
hydrocarbon  combustion,  radiate  in  a  continuous  and  stronger  manner  than  the  gaseous 
species  which  radiate  in  specific  spectral  bands.  The  volume  fraction  of  soot  particles  is 
needed  to  carry  out  the  computation. 
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The  scattering  effects  of  soot  are  negligible;  absorption  is  the  only  effect  considered  for 
tliis  type  of  computation  and  it  is  evaluated  using  a  theory  similar  to  the  Mie  scattering 
theory:  Rayleigh's  theory. 


The  basic  equation  of  the  model  is  the  Radiative  Transfer  Equation  (RTE)  applied  to 
combustions.  A  gradient  temperature  and  concentration  of  species  can  be  taken  into  accormt. 
U-B-2.  PHYSIC  EQUATIONS  OF  THE  MODEL 

The  thermochemical  computations  have  shown  that  no  soot  was  encormtered  in  otrr 
application  cases  and  that  orrly  gases  radiate  in  these  powder  combustions.  Moreover, 
radiative  computations  have  been  made  on  homogeneous  gaseous  pathlength. 


The  RTE  in  its  most  general  form  can  be  written  as  : 


(V) 


In  equation  (V),  the  different  parameters  of  tire  radiative  transfer  are  detailed  for  a 
combrrstion.  For  the  combustion  of  powders,  scattering  effects  are  negligible  because  of  the 


small  size  the  particles  in  comparison  with  the  computation  wavelength.  The  equation  (V) 


becomes : 


v«ri*a*o 

ontKtntoirity 


AbiarpHon 

«ru>»Ta4ial<eit 


Eoriirtcn 


(VI) 


To  solve  this  equation,  two  computation  options  are  possible:  determining  the  radiative 
energy  using  the  tabulated  data  (function  of  temperature  and  wavelength)  of  the  absorption 
coefficient',  or  calculating  it  using  models  directly  issued  from  quantum  mechanics  theoiy. 
These  models  have  been  studied  by  several  authors^’'’’’  and  exploited  by  Grosshandler*. 

Thus,  equation  (2)  has  been  solved  and  rendered  discrete  as  follows: 

/:(s) =^o)-;:(o,s)+;^/;(r, )[;:(, AT)]  (Vn) 


the  transmittivity  of  the  gaseous  column  being  obtained  directly  using  the  classical 
formulation : 


r(o,*)  =  exp 


(vni) 


'  "Handbook  of  Infrared  Radiation  from  Combustion  Gases"  -  C.B.  Ludwig,  W,  Malkmus,  J.E.  Reardon  & 
J.A.L.  Thomson  -  NASA  SP-3080  (1973) 

^  "The  Spectral  and  Total  Emissivity  of  Carbon  Dioxide"  -  B.  Lcckncr  -  Combustion  &  Flame,  Vol.  17,  pp.  27- 
44 (1971) 

"  "Thermal  Radiation  ofMetlianc  Gas"  -  Ind.  Eng.  Chem.  Fmidamentals  3,  pp.  167-176  (1964) 

"Infrared  Emissivity  of  Diatomic  Gases  for  the  Anhamionic  Vibrating-Rotator  Model"  -  W.  Malkmus, 

A.  Thomson  -  JQSRT  2,  17  (1961) 

^  "A  Narrow  Band  Model  for  Radiation  Computations  in  a  Combustion  Environment"  -  W.  L.  Grosshandler  - 
Fire  Sci.  Div.  NaU.  Stand.  Tcclmol.  (BFRL),  NlST/TN-1402,  57  p.  (1993) 
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which  is  integrated  on  the  optical  pathlength  considered  for  the  computation.  The  different 
values  of  the  intensity  are  obtained  at  the  different  wavelengths  of  the  computation  path 
(»2.5xt0‘^pm)  making  it  possible  to  constitute  a  complete  emission  spectrum  which  can  be 
integrated  on  the  required  spectral  band;  the  total  directional  intensity  is  computed  in  this 
manner. 

111.  EXPERIMENTAL  DESIGN 

m-A.  SELECTED  CASES 


For  this  report,  a  hadamard's  e.xperimental  design  based  on  an  alteration  of  the  JA2  powder 
formula  has  been  used.  Tliis  type  of  matrix  is  relatively  efficient  because  of  its  isovariance  by  rotation 
and  its  uniform  accuracy  on  the  domain.  In  this  study,  the  interactions  will  not  be  considered. 


c 

H 

0 

N 

X 

ll 

o 

21 

31 

37 

a,  93 

2000 

20 

31 

37 

9,79 

2200 

20 

30 

37 

9,86 

2200 

21 

30 

36 

10,14 

2200 

20 

31 

36 

10,93 

2000 

21 

30 

37 

9,00 

2000 

21 

31 

36 

10,07 

2200 

20 

30 

36 

11,00 

2000 

This  experimental  design  leads  to  8  formulae  of  powers  and  the  reduced  centered  variables  are: 


max 

min 


XI  Carbon  number  in  ATG/kg  (C) 

X2  Hydrogen  number  in  ATG/kg  (H) 

X3  Oxygen  number  in  ATG/kg  (O) 

X4  Enthalpy  of  formation  (kJ/kg)  (Qf) 


The  nitrogen  quantity  is  calculated  knowing  that  molecular  mass  of  the  powder  is  1000  g/mol. 
Those  variables  correspond  to  the  following  domain: 

CHON  Qf=-Hf 

21  31  37  2200 

20  30  36  8,93  2000 


Knowing  the  maximum  (VM)  and  minimum  (Vm)  values  of  the  real  variable,  the  reduced  centered 
variables  X  are  expressed  by  : 

2V-{yM  +  Vm) 

[VM-Vm) 

So,  for  the  following  conditions: 

V=VM=>X=+1 
V=Vm  =>  X=-l 


the  previous  matrix  becomes: 
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1 

1 

1 

1 

1 

1 

1 

1 

-1 

-1 

1 

1 

1 

-1 

-1 

1 

1 

1 

1 

] 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

IIl-B.  ANALYTICAL  FORMS 


ALJAN  and  RADCAL  computations  are  made  on  eveiy  point  of  the  domain  in  order  to  establish 
the  analytical  forms  after  an  analysis  of  the  etqterimental  design: 


c 

H 

O 

N 

Qf=-Hf 

T(K) 

N(mol/kg) 

F  (MJ/kg) 

Intensity 

(W/cmVsr) 

21 

31 

37 

8,93 

41,807 

0,95 

0,923 

20 

31 

37 

9,79 

2200 

2715 

41,204 

0,93 

0,97 

20 

30 

37 

9,86 

2200 

2725 

40,776 

0,92 

0,98 

21 

30 

36 

10,14 

2200 

2608 

41,528 

0,90 

0,856 

20 

31 

36 

10,93 

2000 

2700 

41.7 

0,94 

0,908 

21 

30 

37 

9,00 

2000 

2743 

41,378 

0,94 

0,941 

21 

31 

36 

10,07 

2200 

2593 

41,97 

0,90 

0,836 

20 

30 

36 

11,00 

2000 

2712 

41,27 

0,93 

0,92 

The  studied  answers  are: 

T  Isobaric  flame  temperature  at  I  atm. 

N  Mole  number  produced  by  1  kg  of  powder 

F  Force  =  NRT 

I  Gas  intensity  between  1  and  200  pm. 


1 

N  (mol/kg) 

Force 

(MJ/kg) 

Intensity 

(W/cm*/sr) 

ISIH 

41,4541 

0,92737 

0,91675 

mm 

-22 

0,21662 

-0,00275 

-0,02775 

mm 

-6 

0,21612 

0,00276 

mm 

Kuua 

-0,16287 

0,00941 

0,03675 

-0,08463 

-0,01259 

-0,00625 

The  analytical  formulae  are: 


Yi  =  PO  +  pi  XI  +  P2  X2  +  P3  X3  +  pi  X4 

The  differences  between  calculated  values  with  the  analytical  forms  and  those  computed  with  the 
computation  codes  are  very  low  (0,030  %  on  T;  0,006  %  on  N;  0,03  %  on  F  et  0,02  %  on  1). 
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IV.  APPLICATION  TO  PROPELLANTS 


To  validate  these  analytical  forms  both  inside  and  outside  the  analysed  domain  with  the  hadamard  matrix, 
several  powders  have  been  computed  using  ALJAN/RA£)CAL  codes  and  the  analytical  forms  previously 
determined. 


Propellant  area  in-out  C-H-O-Hf 


PI 

I-I-I-I 

P2 

I-O-I-O 

P3 

I-O-I-O 

P4 

O-O-I-O 

PX1 

o-o-o-o 

PX2 

o-o-o-o 

P5 

o-o-o-o 

P6(1) 

I -0-0-0 

P6(2)* 

O-I-O-O 

I  indicates  that  the  variable  is  within  the  domain  (interpolation  case):  O  indicates  that  the  variable  is  out  of  the 


domain  (extrapolation  case).  Two  computation  results  can  be  seen  in  Figure  1  at  the  end  of  the  article. 


Propellant 

Ten^)erature(R) 

Aljan  E)?). 

design 

Gases  (mol  leg) 

Aljan  difPo  E)q). 

design 

Aljan 

•'ofoe  (MJ/kg) 
dilPo  H\p. 

design 

Intensity  (W/cm*/sr) 
RADCAL  ditP/o  Exp.  I 
design  1 

PI 

2692 

0,17% 

41,18 

-0,03% 

41.20 

0,92 

0,151o 

0,92 

0,931 

0,09% 

0,93 

P2 

2684 

0,26«o 

2677 

40,04 

40,06 

0.89 

0.24*0 

0.89 

0.955 

0,51% 

0,95 

P3 

267? 

0,24% 

2672 

40,31 

•0.05«i 

40,11 

0.90 

0.23*i 

0,90 

0.936 

0,26*0 

0,93 

P4 

2186 

.2,06<*<. 

2416 

41,28 

0,40'‘« 

41,12 

0.82 

•1,49*0 

0.81 

0.771 

-4,27% 

0,81 

PXl 

2184 

^,37% 

2490 

47,60 

0,89«ii 

47.18 

0,94 

•4.55*i» 

0,99 

0,35 

29,53*0 

0,26 

PX2 

2818 

•2,01% 

2875 

48,00 

0.56‘»o 

47.73 

1.12 

•0.78*0 

1.13 

0,49 

9,78*0 

0.44 

P5 

2862 

-3,16% 

2954 

44,58 

0.57‘>o 

44,32 

1.06 

.2,I5*/o 

1,08 

0,69 

-5,82% 

0,73 

P6(l) 

2756 

-0,45% 

2768 

42,77 

0,10'?o 

42,73 

0.98 

•0.311O 

0,98 

- 

- 

0,83 

P<i(J) 

2783 

-0,70% 

2803 

42,35 

0,17®  i. 

42,28 

0,98 

-0,51*i 

0,98 

- 

- 

0,87 

The  detdations  behveen  the  analytical  forms  and  the  results  of  complete  computation  codes  are  once  more 
very  slight,  except,  however,  for  hvo  composite  powders. 

V.  CONCLUSION 


This  way  of  computation  easily  allows  slow  codes  to  be  replaced  by  simple  analytical  formulae.  It  can  be 
noted  that  even  if  the  chemical  formulae  are  not  completely  included  in  the  experimental  design  domain,  the 
variation  of  the  results  is  not  illogical. 

It  seems  that  the  range  of  intensities  follows  that  of  erosion.  However,  the  intensity  of  composite  powders  is 
low  whereas  they  have  a  high  power  of  erosion. 


This  can  be  explained  by  the  remarkable  heterogeneity  of  the  materials  (the  intensity  of  RDX  grains  is  very 
high)  and  because  of  their  formulation,  which  is  out  of  the  experimental  design  and  which  influences  the 
results  more  than  the  other  powders. 


The  intensity  of  the  new  ISL  powders  (nitramine  based  powders  P6(l)  and  P6(2))  radiates  in  the  same  range 
as  P4  but  with  a  higher  force. 

The  P5  is  also  an  interesting  formula,  with  a  force  of  1,08  and  a  spectral  intensity  of  0,73. 


’LIGHT  H.H,  BRAUN  S.;  Poudrc  liaute  puissance  a  plusicurs  bases  d  erosivitc  reduite;  ISL  RT  506/96F 


FIGURE  1  :  Comparison  between  the  emission  spectra  calculated  on  two  different  powders 
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ABSTRACT 

Here  is  presented  the  elaboration  of  a  model  able  to  compute  the  radiative  effects  generated  by 
the  combustion  of  hydrocarbon  fuels  or  pyrotechnic  based  compositions.  A  brief  bibliography  has 
been  made  on  the  different  ways  to  realise  such  a  modelisation.  The  justification  of  our  choice  in 
the  way  to  model  these  phenomena  Is  presented.  The  main  equations  of  the  solved  problem  are 
recalled.  The  first  validations  made  thanks  to  data  found  in  the  literature  are  shown  for  the  two 
types  of  combustions. 


NOMENCLATURE 


a 


f. 


k 

L,{s,u) 

V{s) 

m 

n 

X 


UQ.’ 

2 


Albedo. 

Soot  volume  fraction  [m^/m^]. 

Absorption  index  of  particle. 

Monochromatic  intensity  towards  a  along  the  path  s  [W/mVsr/pmj. 
Monochromatic  blackbody  intensity  towards  «  along  the  path  s  [W/mVsr/pmj. 
Forward  calculated  intensity  along  the  path  s  [W/mVsr/pm]. 

Backward  calculated  intensity  along  the  path  s  (W/m%r/pm]. 

Complex  index  of  particles. 

Refraction  index  of  soot  particle. 

Phase  function  characterising  scattering  from  » ’  towards  « 

Optical  depth  parameter. 

Monochromatic  absorption  coefficient  [m  ']. 

Monochromatic  scattering  coefficient  [m  ']. 

Solid  angle  [srj. 

Radiation  wavelength  [pm]. 
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INTRODUCTION 

Pool  fires  have  been  studied  for  many  years  in  lots  of  domains  :  industrial  flames  hazards 
of  chemicals  and  various  oil-derived  fuels.  In  the  defence  industry  also,  in  particular  for 
pyrotechnic  applications,  the  limitations  of  the  development  of  a  fire  is  at  the  heart  of  interest. 
In  this  domain,  pool  fires  of  gelified  hydrocarbons,  sodium  or  sodium/potassium  eutectic  fires, 
phosphorus  or  phosphorus  based  compositions  fires,  thermit  fires,  ignition  compositions, 
combustion  of  powders,  ...  can  be  encountered.  In  all  these  cases,  radiation  emitted  by 
flames  is  a  dominant  factor  in  fire  development.  The  objective  of  this  work  is  to  discuss  about 
the  possibility  to  model  the  radiative  effects  generated  by  the  combustion  of  such  energetic 
materials.  A  radiation  model  has  been  performed,  accounting  for  both  contributions  of  gases 
and  particles.  Some  validations  of  our  computations  are  carried  out  using  literature  data. 


THEORETICAL  CONSIDERATIONS 

The  Radiative  Transfer  Equation 

A  few  applications  concerning  radiation  computations  in  pyrotechnic  situations  can  be 
found  in  literature.  In  a  related  domain,  some  work  has  been  done  to  evaluate  infrared 
signatures  of  exhaust  plumes  [1,  2].  In  these  media,  extinction  (including  absorption  and 
scattering)  phenomena  have  to  be  considered  depending  upon  radiative  species  of  interest 
(gas  and  particles).  The  general  Radiative  Transfer  Equation  (RTE),  accounting  for  these 
phenomena  has  an  integro-differential  form.  It  can  be  written  as : 


a 

V4rl4if4ii 


•  L,{s,u)  =  1;  [/(»)] 

rml<4en 

ofUictsaiultm 


,«)  •  L^{s,u)ilQ.' 


Si  •Htrlii} 


(1) 


At  the  sight  of  this  equation,  it  appears  that  the  radiation  intensity  results  from  a 
combination  of  two  different  phenomena  ;  on  the  one  hand,  the  contribution  of  gases  (emitting 
and  absorbing  in  particular  spectral  bands)  and,  on  the  other  hand,  the  contribution  of  large 
size  particles  which  scatter  (in  a  continuous  way,  but  anisotropically). 


When  combustion  situations  involving  hydrocarbons  are  considered,  the  scattering  term 
can  be  neglected,  the  radiative  medium  being  a  melting  between  gases  and  small  generally 
non-scattering  particles  :  soot.  So  the  RTE  (1)  becomes  : 


/,;[!(»)]  (2) 

For  pyrotechnic  combustion  situations,  the  products  of  combustion  are  more  various  and 
imply  the  generation  of  metal  oxide  particles  of  important  size  and  the  scattering  effect  can 
not  be  neglected  in  the  radiative  computation. 
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Radiative  effects  modelisation 

The  resolution  of  RTE  for  a  non-scattering  medium  (Eq.  2)  leads  to  consider  the  gaseous 
radiation  first,  in  this  perspective,  different  degrees  of  resoiution  can  be  used;  one  consists  in 
a  line  by  line  treatment  which  is  the  most  precise  way,  but  very  expensive  in  time 
computation.  Moreover,  it  becomes  quickly  prohibitive  when  compiex  geometries  are  involved 
and  this  is  why  approximated  soiutions  have  been  developed.  Among  these  methods. 
Statistical  Narrow-Band  (SNB)  models  can  solve  (Eq.  2)  with  acceptabie  accuracy.  Two 
algorithms  are  strongly  recommended  :  the  Single  Line  Group  (SLG)  algorithm  which 
considers  the  line  strengths  constant  in  a  spectral  interval,  and  the  Multi  Line  Group  (MLG) 
modei  which  details  the  spectral  interval  grouping  the  lines  of  equivalent  strengths. 

The  spectroscopic  parameters  needed  to  perform  SNB  modeis  can  be  found  in  the 
literature  [3].  For  non-isothermai  gaseous  media,  the  Curtis-Godson  approximation  [3]  is 
commonly  added  to  the  band  model. 

Other  ways  to  apprehend  the  radiation  of  gases  can  be  mentioned.  Some  models 
expressing  the  radiative  properties  of  gases  in  terms  of  absorption  coefficients  or  more 
precise  models  depending  on  the  distribution  function  of  the  absorption  coefficient  exist ;  the 
correlated-K  (CK)  modei  [4]  and  the  Correlated-K  Fictitious  Gases  (CKFG)  model  [5J.  For  the 
CK  model,  the  notion  of  histogram  of  the  absorption  coefficient  values  into  a  spectral  band  is 
important  but  for  a  non-isothermal  medium,  the  correlation  of  the  spectra  between  two  points 
where  the  properties  are  different  is  necessary.  To  avoid  the  "over-correiation”,  main  default 
of  the  CK  model,  in  a  column  of  gases  with  a  great  temperature  gradient,  the  CKFG  model 
has  been  created  [5],  The  method  consists  in  to  consider  the  real  gas  as  a  melting  of  fictitious 
gases. 

Concerning  particies  radiation,  the  contribution  of  small  size  (generally  soot)  particles 
which  do  not  scatter  can  be  considered  together  with  gases;  this  contribution  is  accounted  in 
terms  of  an  absorption  coefficient. 

Considering  the  large  size  particle  radiation  implies  the  resolution  of  the  complete  RTE 
(Eq.  1).  A  few  solutions  can  be  recalled  here;  it  is  important  to  note  that  these  methods  are 
not  necessarily  used  with  the  scattering  term  of  the  RTE  but  they  do  not  exciude  this 
opportunity. 

We  can  mention: 

-  Exact  solutions:  the  resoiution  is  complex  in  most  of  the  cases.  Some  results 
are  obtained  with  very  simpie  monodimensionai  configurations  iike  gray  media 
with  uniform  boundary  conditions  16], 

-  Statistical  methods:  the  best  known  is  the  Monte-Carlo  method  which  is  more 
useful  to  apply  for  complex  geometries  and  non-gray  media  [8,  9].  The  degree 
of  precision  increases  with  the  number  of  statistic  samples  but  it  often  costs  a 
iot  in  time  computation. 
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-  Zone  methods:  this  calculation  way  [10]  is  most  of  the  time  used  to  estimate  the 
radiation  in  the  industrial  ovens  or  combustion  in  enclosures.  The  aim  is  to 
divide  the  space  and  bounds  into  surface  and  volume  zones  with  isothermal 
and  constant  thermophysical  properties. 

At  the  present  time,  the  flux  methods  are  the  most  frequently  used  methods.  This  category 
of  modelisation  of  the  RTE  includes  three  distinct  principles:  the  basis  of  the  process  is  that 
the  integro-differential  equation  is  replaced  by  a  system  of  partial  differential  equations.  The 
different  methods  are : 

-  Multi-flux  methods:  they  consist  in  rendering  discrete  the  angular  space  into 
elementary  solid  angles  where  the  intensity  is  uniform  within. 

-  Discrete  ordinate  method  (or  SN-approximation):  it  is  based  on  a  discrete 
representation  of  the  directional  variation  of  the  radiative  intensity.  The  RTE 
is  solved  choosing  a  set  of  discrete  directions,  the  integral  terms  being 
approximated  by  a  quadratic  sum  of  intensities. 

-  Method  of  spherical  harmonics  (or  PN-approximation):  another  technic 
considering  the  angular  variation  of  the  intensity.  Low-order  approximation 
are  usually  accurate  in  optically  thick  media,  but  accuracy  improves  slowly  for 
higher-order  approximation  while  mathematical  complexity  increases 
extremely  rapidly. 

Most  of  these  methods  are  described  in  details  in  the  book  written  by  Modest  [1 1). 

In  the  present  work,  a  simple  two-flux  method  coupled  with  a  SNB  model  has  been  chosen 
to  solve  the  general  RTE.  Being  aware  that  at  the  present  time  the  discrete  ordinate  method 
is  often  used,  most  of  the  published  works  using  this  last  method  concern  applications  for 
which  a  linear  anisotropic  scattering  phase  function  is  considered.  The  aim  of  this  work  is  to 
provide  a  convenient  mean  to  calculate  radiation  of  anisotropically  scattering  oxide  particles 
encountered  in  pyrotechnic  applications,  for  which  the  optical  properties  are  not  clearly 
established.  Thus  starting  with  a  simple  method  will  lead  to  a  more  sophisticated  one 
depending  on  the  adequation  between  the  computations  and  first  experimental  results. 

PARAMETERS  OF  THE  MODEL 

Gaseous  Radiation  Parameter 

Concerning  the  gaseous  band  model,  tabulated  parameters  can  be  used  [3].  Narrow-band 
gas  parameters  can  be  also  computed  using  formulations  issued  from  quantic  mechanical 
considerations.  The  bases  of  the  work  undertaken  by  Grosshandler  [7]  and  the  principles  of 
his  calculations  have  been  followed,  especially  for  CO2,  CH4  and  CO  band  modelling  [12, 
13  &  14].  The  bandwidth  parameter,  the  mean  line  intensity  of  the  lines  in  the  band  and  the 
line  spacing  are  determined  in  order  to  calculate  the  absorption  coefficient.  For  H2O 
spectroscopic  parameters,  the  tabulated  data  of  [3]  have  been  used.  The  SLG  algorithm  Is 
used. 
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Emission  spectra  of  hydrocarbon  based  compositions  can  be  caiculated  by  adding  the 
contribution  of  absorption  from  soot  particies  to  the  gaseous  absorption  coefficient.  The  soot 
absorption  coefficient  can  be  obtained  from  the  Rayleigh  theory  : 


36;r  tt-k 


(3) 


Considering  that  soot  optical  parameters  (n,  ft)  do  not  vary  strongly  with  wavelength,  the 
following  simple  correlation  can  be  used; 


with  C  taken  equal  to  7. 

Particle  Radiation  Parameters 

For  most  of  pyrotechnic  combustion  applications,  the  radiating  medium  may  include  large 
size  particles  for  which  the  extinction  and  scattering  parameters  must  be  known.  These 
parameters  (extinction  and  scattering  coefficients,  albedo,  phase  function)  can  be  calculated 
from  Mie  theory  assuming  spherical  particles.  Mte  computations  require  the  knowledge  of  the 
complex  index  of  particles.  Data  concerning  this  last  parameter  may  be  found  in  literature  [15] 
for  aluminium  oxide,  carbon  and  magnesium  oxide.  Unfortunately,  the  variations  of  the 
complex  index  with  wavelength  and  temperature  are  not  well  established  and  the  choice  of 
the  appropriate  values  is  difficult. 

TWO  FLUX  METHOD. 

Dividing  equation  (1)  by  X  =  (*)  +  ®’a(*))  '  *]  •o- 


cX 


-L,(s)  +  (!-«).  L\{s)  +  j- .  [/>(*,*')  •  4(V)</n(*') 


(5) 


where  X  is  the  optical  depth  parameter  and  a  the  albedo.  A  two-flux  method  permits  to 
integrate  radiation  along  a  line  of  sight  as  it  can  be  done  in  the  absence  of  scattering. 
Anisotropic  scattering  can  be  considered  by  introducing  two  integrated  average  fractions  for 
forward  and  backscattering: 

(6) 


(7) 

The  two-flux  formulation  leads  to  the  following  system  for  radiation  intensity  in  the  positive 
and  negative  direction  respectively: 
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^^  =  -r(*)+(l-a).i(i)  +  a  [/  r(*)  +  *  i  (*)] 

(8) 

-  =  -^‘  (*)  +  (1  -  a)  ■  (*)  +  a  ■  [/  •  (*)  +  b  V  (s)] 

For  an  heterogeneous  medium,  n  homogeneous  "slabs"  can  be  considered.  Then  a  system 
of  2n  equations  should  be  solved,  the  radiative  intensity  being  calculated  between  each  "slab" 
in  the  positive  and  negative  direction.  In  general,  one  of  the  two  bounds  intensity  is  looked  for. 
The  algorithm  loops  on  the  wavelength  to  compute  a  complete  emission  spectrum  in  the 
infrared. 

COMPUTATION  RESULTS 

In  order  to  appreciate  the  behaviour  of  the  model  calculating  the  emission  spectra  of 
hydrocarbon  fuels,  different  sets  of  data  found  in  the  combustion  literature  have  been 
considered,  allowing  spectra  comparisons. 

For  the  combustion  of  pyrotechnic  compositions,  published  experimental  or  theoretical 
data  are  quite  difficult  to  find.  Consequently,  the  first  computations  presented  in  this  paper 
concern  simulations  consisting  in  adding  assumed  particle  oxide  (AI2O3)  concentrations  of 
given  size  to  gaseous  concentration  profties. 

Computations  without  scattering 

A  tentative  of  validation  has  been  carried  out  using  published  experimental  resuKs 
concerning  spectral  radiant  emission  from  pool  fires  of  various  fuels  [16].  The  given  data  for 
the  combustion  of  a  113  mm  diameter  isooctane  pool  fire  have  been  selected  for 
computations.  Measurements  reported  in  reference  [16]  were  given  for  two  different  heights  in 
the  flame.  We  present  here  a  computation  concerning  data  at  20  mm  above  surface, 
assuming  equal  concentration  for  H2O  and  CO2  because  the  concentration  for  H2O  was  not 
directly  measured.  NOx  concentration  was  neglected. 

Table  1  shows  the  set  of  gaseous  concentrations.  Temperature  can  be  approximated  with 
the  curve  of  [16]  which  shows  its  evolution  as  a  function  of  time.  A  mean  temperature  value 
was  then  taken  to  1600  K.  The  radiation  pathlength  for  computation  has  been  taken  equal  to 
the  pool  diameter  (113  mm).  As  the  soot  volume  fraction  was  not  easily  accessible  too,  a 
value  of  0.4x10'^  has  been  considered  for  this  parameter,  according  to  a  previously  reported 
value  for  the  combustion  of  isooctane  [17]. 


Height 

CH4 

CO 

CO2 

02 

H20  1 

Isooctane 

20  mm 

14 

5 

B 

B 

TABLE  1 :  Gaseous  Species  Concentration  in  Flames  (%  mol) 


The  results  of  computation  are  drawn  in  Figure  1 . 
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FIGURE  1 :  Calculated  Emission  Spectrum  of  an  Isooctane  Flame  at  20  mm  Height 


The  main  gaseous  bands  (2.7  pm  for  HjO,  2.7  and  4.3  pm  for  CO2  and  3.3  pm  for  CH4) 
can  be  identified  in  Figure  1 .  The  computed  spectrum  agrees  quite  well  both  on  qualitative 
and  quantitative  ievel  with  the  experimentai  time-mean  spectrum  from  reference  [16]  and 
reported  in  Figure  2.  The  high  emission  ievel  for  shortest  wavelengths  in  Figure  1  ieads  to 
think  that  soot  concentration  has  been  probably  overestimated  in  our  calcuiations. 


FIGURE  2  :  Emission  Spectrum  Measured  in  Reference  [16] 

Computations  including  scattering 

Computations  have  been  made  on  a  simulated  1  m  diameter  fire  containing  CO2,  H2O  and 
soot  considered  by  Grosshandier  [7].  The  simpie  radial  profile  for  concentrations  and 
temperature  can  be  seen  in  Table  2  (soot  has  been  removed  in  our  simuiation). 


Intensity  (W/m^/sr/pm) 
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Dist.  (m) 

T(K) 

CO2  (kPa) 

H2O  (kPa) 

N2  (kPa) 

0.05 

899 

7.07 

7.07 

86.8 

0.1 

1158 

10 

10 

81 

1438 

13.1 

13.1 

74.7 

1637 

15.4 

15.4 

70.3 

1770 

16.1 

16.1 

67.3 

1637 

15.4 

15.4 

70.3 

0.8 

1438 

13.1 

13.1 

74.7 

0.9 

1158 

10 

10 

81 

0.95 

899 

7.07 

7.07 

86.8 

TABLE  2  :  Temperature  and  Gaseous  Concentration  Profile. 

In  a  first  step,  we  have  calculated  the  spectral  radiant  intensity  distribution  resulting  from 
gaseous  pathlength  of  TABLE  2.  In  a  second  step,  an  uniform  concentration  of  AI2O3  have 
been  introduced  (1  pm  diameter)  in  the  preceding  simulated  profile  in  order  to  study  the 
influence  of  scattering. 

Two  spectral  calculations  have  been  performed  considering  two  different  values  for  AI2O3 
volume  fraction  :  0.5*1  O'®  and  2x10"®.  The  results  can  be  observed  on  Figure  3  and  4;  on  both 
figures,  the  comparison  with  gaseous  spectrum  is  made  to  display  the  influence  of  scattering. 


FIGURE  3  ;  Effect  of  Scattering  with  a  Low  AI2O3  Concentration 


IntencKy  (W/in’/sr/|im) 
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FIGURE  4 :  Effect  of  Scattering  with  a  Higher  Concentration  of  AI2O3 

The  effects  of  scattering  are  much  more  marked  when  the  concentration  of  AI2O3  is  more 
important.  It  can  be  seen  on  Figure  4  that  particles  give  a  contribution  to  emission  in  regions 
where  gases  do  not  emit  and  absorb  (especially  in  the  short  wavelengths  region).  On  the 
contrary,  the  radiative  intensity  is  lowered  in  band  regions  (especially  around  2.7  pm)  because 
a  part  of  energy  emitted  by  gases  is  scattered  by  particles. 

CONCLUSIONS 

We  have  presented  in  this  report  the  first  computation  results  concerning  hydrocarbon 
fires  and  simulated  pyrotechnic  flames.  A  model  has  been  completed  to  compute  the 
radiative  emission  spectra  for  these  two  types  of  combustions.  The  computations  for 
hydrocarbon  fuels  show  a  satisfying  agreement  with  experimental  published  data.  Concerning 
pyrotechnic  combustion,  we  hope  to  undertake  a  deeper  prospecting  in  literature  and  to  carry 
out  some  tests  in  order  to  validate  the  first  results  presented  here.  We  intend  also  to  study  the 
effects  of  the  data  choice  for  particles  optical  properties  on  the  emission  spectrum 
computation. 
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THERMAL  ANALYSIS  DATA  AND  THE  DETONATION 
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ABSTRACT:  An  attempt  is  made  to  explain  previously  published  relationships  between  the  DTA  data  and 
detonation  characteristics  of  polynitro  compounds  in  terms  of  the  entropy  of  their  thermolysis  onsets.  It  is 
concluded  that  primary  fragmentation  of  these  compounds  in  their  detonation  is  most  likely  identical  with  the 
primary  fragmentation  in  their  low-temperature  thermolysis. 


Recently  the  non-isothermal  differential  thermal  analysis  (DTA)  was  realized  in  the  case 
of  polymtroarenes  [1-7],  nitramines  [8],  nitrosainines  [8],  and  nitrate  esters  [8]  with  the 
evaluation  of  the  corresponding  records  by  the  method  of  Piloyan  [9]  modified  in  the  sense  of 
refs.  [2,3,10]  -  see.  Figs.  1  and  2.  The  values  of  activation  energies  Ep  following  from  these 
measurements  for  the  low-temperature  intervals  immediately  at  the  beginning  of  thermal 
decomposition  Td  corresponded  to  the  non-autocatalyzed  start  of  thermolysis:  this  is 
documented  by  the  existence  of  relationships  between  the  values  of  Ep*Td'‘  ratios  and  the 
characteristics  of  molecular  structure,  namely  the  moments  of  inertia  of  alkyl  groups  in  N- 
allcyl-2,4,6-trinitroanilines  [2,10]  or  the  Rm  factors  in  paper  chromatography  of  N-alkyl-  and 
N,N-dialkyl-polynitroanilines  [2,11-13].  From  what  has  been  given  it  then  appears  logical  that 
there  also  exist  relationships  between  the  values  of  Ep*Td’’  ratios  and  the  values  of  Arrhenius 
parameters  resulting  from  application  of  the  Soviet  manometric  method  (SMM)  to  studies  of 
thermolysis  of  polynitroarenes  [1,3-6].  With  regards  to  the  homolytic  nature  of  primary 
fragmentations  in  the  thermolysis  of  organic  polynitro  compounds  (in  general)  the  values  of 
activation  energies  Ep  and  decomposition  onsets  Tp  depend  also  on  the  construction  materials 
which  are  in  contact  with  the  substance  thermolyzed  [10].  More  definite  dependencies  result 
from  the  DTA  method  where  the  sample  thermolyzed  is  in  contact  with  glass  [14]  -  the  method 
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was  called  ..method  B“  in  refs.  [1-7.10^14],  That  is  why  this  paper  adopts  the  results  of  DTA 
measurements  of  tWs  type. 


Figure  1:  A  modified  Piloyan  method  of  the 

DTA-curve  treatment  [2.3.10].  2:  An  linearization  ofthe  initial 

part  of  the  exotherm  of  TPT 
according  to  the  modified 
Piloyan  method  (taken  from 
ref  [3]). 


The  physical  meaning  of  Ep'To''  expression  can  be  specified  by  using  the  definition 
equation  of  activation  enthalpy  of  an  endothermic  reaction: 


AH*  =  Ep  -  T„*R  (1) 

where  Tm  is  the  mean  temperature  of  the  temperature  interval  for  Ep.  A  modification  then  leads 
to: 

(AH*/Td)  =ASp,  =  Ep*Td  '  -  (Tn.*TD  ‘)*R  (2) 


where  ASpt  can  be  referred  to  as  the  entropy  of  thermolysis  onset.  With  respect  to  magnitude 
of  those  values  and  experimental  error  in  determination  of  Ep  the  value  of  expression 
(Tm/TD)*R  (from  8.4  to  8.5  J.moT'K')  has  an  only  slight  mathematical  meaning.  Therefore. 


In  EH’o  {J.mol  ’.'k  ') 
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in  the  first  rough  approximation,  the  expression  Ep*Td’‘  can  be  considered  a  representative  of 
the  above-mentioned  entropy. 

Mutual  comparison  of  the  Ep*Td'‘  values  with  the  corresponding  characteristics  of 
detonation  of  polynitroarenes  and  their  derivatives  valid  for  the  maximum  theoretical  crystal 
densities  (TMD,  /.  e./or  a  monocrystal)  has  led  to  the  following  general  relationship  [14]: 


InCEpA-D)  =  a*X  +  b  (3) 

where  X  can  be  square  of  detonation  velocity,  or  the  heat  of  detonation,  Q,  or  the  ratio  of 

detonation  pressure  Pa  and  density  p  of  the  given  nitro  compound,  Pa*P’'. 

A  graphical  representation  of  relationship  3  for  polynitroarenes  and  for  X  =  Pa-P”'  is 
given  in  Fig.  3,  that  for  nitrosamines,  nitramines  and  nitric  esters  in  Figs.  4  (X  =  D^)  and  5  (X 
=  Q).  The  last  picture  given  adopts  the  theoretical  heats  of  explosion  calculated  by 

method  of  Kamlet  &  Jacobs  [15]  as  well  as  the  values  Qp  calculated  by  means  of  the 
semiempirical  relationships  by  Pepekin  et  al.  [16]  to  give  the  real  experimental  values. 


Figure  3:  Graphic  representation  of  the  relationship  3  for  X  =  Pa*p’*  (constructed  on  the 
basis  of  Ep  and  To  values  which  were  taken  from  ref  [I4f). 
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Substances  studied  in  the  sense  of  Fig.  3  and  Table  2  (substance  -  code  desien.V. 

1.3.5- Trimtrobenzene-  TNB.  l-Methyl-2,4,6-trimtrobenzene-  TNT,  l,3-DimethyI-2,4.6-trimtrobenzene-  TNX, 

1.3.5- Trimethyl-2,4.6-trimtrobenzene  -  TNMs,  J-Amino-2,4,6-trimtrobenzene-  PAM,  l,3-Diamino-2,4,6- 

trinitrobenzene-  DATE,  l,3,5-Triamino-2,4,6-trinitrobenzene  -  TATE,  l-Chloro-2, 4,6-trinitrobenzene-  CTE, 
l-Hydro.\y-2,4,6-trinitrobenzene-PA,  l-Hydro.\y-3-methyl-2,4,6-trinitrobenzene-TNCr,l,3-DinitronaphthaIene 
-  1,5-BNN,  1,8-Dirutronaphthalene  -  1,8-DNN,  1,4,5-TrinitronaphthaIene  -  1,4,5-TNN,  1,4,5,8-Tetranitro- 
naphthalene-TENN,  l,3-bis(Methylnitramino)-2,4,6-trimtrobenzene-  Ditetryl,  2,2’,4,4’,6,6’-Hexanitrobiphenyl- 
HNE,  2,2’,4,4’,6,6’-HexanitrodiphenyIsuIfide  -  DIPS,  2,2’,4,4’,6,6’-He.\anitrodiphenylsulfone  -  DIPSO, 
2,2’,4,4*,6,6’-HexanitrodiphenyIamine  -  DPA,  Potassium-2,2’,4,4’,6, 6’-hexanitrodiphenyIaminate  -  KDPA, 

2,2’,4,4’,6,6’-Hexanitrostilbene  -  HNS,  2,2’,4,4’,6,6’-Hexanitroazobenzene  -  HNAE,  2,2’,4,4’,6,6’-Hexanitro- 
oxanilide  -  HNO,  2,2’,2”,4,4’,4”,6,6’,6”-Nonanitro-m-terphenyI  -  NONA,  2,4,6-tris(2,4,6-Trinitrophenyl- 
amino)-l,3,5-triazine  -  TPM,  2,4,6-tris{2,4,6-Trinitrophenyl)-l,3,S-triazine  -  TPT. 


A  more  detailed  analysis  [14]  of  the  relationship  3  shows  that  classification  of 
polynitroarenes  in  the  sense  of  Fig.  3  is  given  [14]  by  thermochemical  factors,  and  beside  that, 
by  steric  conditions  and  electron  configuration  in  the  ground  state  of  the  reaction  centre  of  the 
molecule.  In  this  context,  by  the  reaction  centre  is  meant  the  grouping  of  atoms  and/or 
functional  groups  in  the  molecule  whose  mutual  chemical  interaction  initiates  the  thermal 
decomposition  of  this  molecule  at  the  given  experimental  conditions. 

Relationship  3  can  also  be  applied  to  the  specification  of  the  centre  of  primary 
thermolysis  in  the  molecule,  e.g.  participation  of  hydroxyl  group  in  the  primary  splitting  in  the 
case  of  trinitro-m-cresol  (TNCr). 

Figures  4  and  5  document  the  validity  of  relationship  3  also  for  nitramines,  nitrosamines 
and  nitric  esters  [8],  and  it  has  been  proved  that  the  correlation  is  much  closer  for  X  =  than 
forX  =  Q. 

A  significant  generalization  of  relationship  3  was  achieved  by  Bhide  et  al.  who  extended 
it  to  the  thermolysis  of  a  mixed  explosives  of  hexolite  type  [17]:  these  authors  applied  here 
both  the  calculated  and  the  experimental  D  values.  Similarly,  in  works  by  Prabhakaran  et  al. 
[18]  or  Makashir  &Kurian  [19],  relationship  3  is  applied  to  the  thermal  decomposition  of 
nitrosamines,  nitramines,  nitrates  of  quanidine  derivatives  and  other  energetic  materials. 

In  connection  with  the  findings  quoted  [i.e.  refs.  8,14,17-20],  Thesis  [20]  has  checked 
the  validity  of  relation  3  for  X  =  Pa’''p''  (see  Fig.  3)  and  the  p  values  lower  than  TMD 
(examples  see  in  Table  1):  on  transition  from  a  monocrystal  to  lower  charge  densities  the  fit  of 
correlation  in  the  sense  of  the  relationship  mentioned  markedly  decreases.  A  likely  reason  can 
lie  in  the  comparison  of  thermolysis  characteristics  of  crystals  and/or  melt  {i.e.  undiluted 
substances)  with  the  explosive  characteristics  of  the  „as-if  diluted"  polynitroarenes  {the 
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theoretical  increase  in  the  number  of  all  possible  realization  of  molecules  in  space  which 
should  be  different  for  different  molecular  structures).  The  facts  given  signalize  the 
significance  of  entropy  in  evaluation  the  mutual  relationships  between  properties  of  an 
explosive  system  (in  general)  and  its  explosive  characteristics,  On  this  basis,  Prof  Urbanski 
[21]  tried  to  interpretation  the  temperature  dependence  of  impact  sensitivity  of  TNT  and  the 
detonation  velocity  of  two-component  explosives,  but  this  work  [21]  remained  at  the  stage  of  a 
short  communication. 

On  the  basis  of  what  has  just  been  said  and  with  regard  to  relationship  2  a  relationship 
was  derived  [20]  in  the  following  general  form: 

ASp,  =  a*ln  X  +  P  (4) 

where  X  can  be  either  Pcj*p’*  or  the  heat  of  explosion,  Q.  In  the  sense  of  this  relationship  (for 
X  =  Pcj*p'*),  polynitroarenes  of  Fig.  3  were  reclassified  [20]  -  resulting  groups  are  presented  in 


Table  1:  Coefficients  of  the  relationship  3  for  a  transition  from  TMD  to  lower 

charge  densities  of  some  polynitroarenes  -  for  X  =  Pcj^p'*  [20] 
{corresponding  Ep  and  To  values  taken  from  ref.  [14J). 


Group 

of  polynitroarenes 

% 

TMD 

a 

Coefficient 

b 

TATB,  DATE,  PAM,  PA,  HNO, 

100 

-0.1447 

8.1588 

0.9166 

HNS,  HNAB,  DPA,  TNCr,  Ditetryl 

95 

-0.1246 

7.7714 

0.7777 

90 

-0.1296 

7.7514 

0.7490 

85 

-0.1397 

7.7770 

0.7722 

TNB,  HNB,  NONA 

:  100 

-0.2896 

10,4530 

0.9690 

95 

-0.5070 

13.1980 

0.7670 

90 

-0.5309 

13.1410 

0.7579 

85 

-0.5778 

13,3310 

0.7555 

Table  2.  Compositions  of  the  groups  are  almost  identical  with  those  defined  by  modified 
relationship  of  Evans-Polanyi-Semenov  [20]  {i.e.  by  the  relationship  between  activation 
energies  of  low-temperature  thermolysis  from  SMM  and  heats  of  detonation  of  polynitro 
compounds  [22]).  The  nitramines,  nitrosamines  and  nitric  esters  from  Fig.  4  correspond  to  a 
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single  form  of  relationship  4  [20],  Also  here  a  transition  from  a  monocrystal  to  lower  charge 
densities  causes  an  abrupt  decrease  in  the  correlation  fit  (see  in  Table  2). 

In  the  context  of  interpretation  of  the  meaning  of  relationship  3  the  following  opinion 
was  published  in  1981  [23]:  A  stable  detonation  is  characterized  by  constant  parameters,  i.e. 
constant  detonation  velocity,  detonation  pressure,  and  detonation  energy  throughout  this 
explosion  transformation.  That  means  a  constant  production  of  fragments  and/or  radicals  in  the 
primary  fi-agmentation  processes  at  the  shock  compression  of  that  particular  explosive 
throughout  the  detonation  time,  which  must  be  characterized  by  a  constant  chemical 
mechanism  of  the  whole  process.  Similarly,  constant  chemical  mechanisms  and  their  relative 


Table  2:  Coefficients  of  the  relationship  4  -  for  X  =  Pcj*p''  [20] 
{corresponding  Ep,  T„,  and  To  values  taken  from  ref.  [14]). 


Group  of 

% 

Coefficient 

polynitroarenes 

TMD 

a 

P 

TNB,  HNB,  NONA,  HNAB 

100 

-3063.70 

8681.9 

0.9729 

95 

-3987.10 

10950.0 

0.9468 

90 

-4051.20 

10901.0 

0.9364 

85 

-4022.60 

10599.0 

0.9351 

PAM,  DATE,  TATB 

100 

-259.18 

1122.6 

0.8210 

95 

-221.19 

1008.7 

0.7552 

90 

-167.84 

860.7 

0.4763 

HNS,  HNO,  DPA,  TNCr,  PA,  PAM 

100 

-1540.70 

4508.7 

0.9873 

95 

-713.30 

2299.1 

0.3602 

90 

-702.90 

2235.6 

0.3379 

TNT,  TNX,  TNMs,  CTB,  DIPS, 

100 

1858.50 

-4228. 1 

0.8832 

DIPSO,  KDPA 

1,5-DNN,  1,8-DNN,  1,4,5-TNN 

100 

1445.70 

-2667.8 

0.9994 

95 

1447.10 

-2596.8 

0.9996 

90 

1447.10 

-2596.8 

0.9946 

85 

1454.40 

-2451.1 

0.9989 

TPM,  TENN,  TPT 

100 

1443.20 

-3234.4 

0.9939 

95 

3486.00 

-8266.2 

0.7522 

90 

3672.00 

-1295.8 

0.1027 
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ratios  in  mutual  interaction  of  fragments  and/or  radicals  must  be  present  in  the  zone  of 
throughout  the  detonation  time,  which  must  be  characterized  by  a  constant  chemical 
mechanism  of  the  whole  process.  Similarly,  constant  chemical  mechanisms  and  their  relative 
ratios  in  mutual  interaction  of  fragments  and/or  radicals  must  be  present  in  the  zone  of 
chemical  reaction  of  the  detonation  wave.  From  these  conditions  of  stable  detonation  it  follows 
that  e.g.  the  heat  of  reaction  of  the  primary  splitting  processes  must  be  regularly  related  to  the 
overall  reaction  (explosion)  heat.  If  the  thermochemical  kinetic  characteristics  of  primary 
fragmentation  processes  in  low-temperature  non-autocatalyzed  thermolysis  of  explosives 
correlate  with  the  reaction  heat  of  detonation  transformation,  then  it  in  an  identity  of,  or  a 
regular  context  between,  the  primary  mechanism  of  a  low-temperature  and  a  detonation 
reactions.  The  opinion  presented  is,  however,  in  a  better  correspondence  with  relationship  4 
(see  ref.  [20]). 

The  identity  of  the  primary  mechanisms  of  low-temperature  and  detonation  reactions  of 
polynitro  compounds  is  also  confirmed  by  the  most  striking  pieces  of  experimental  evidence. 
First  of  all  they  include  the  evidence  (obtained  with  the  help  of  XPS)  of  primary  splitting  of 
N-NO2  bond  in  l,3,5-trinitro-l,3,5-triazacyclohexane  (RDX)  exposed  to  a  shock  wave  [24] 
(homolysis  of  this  bond  is  the  primary  step  of  thermolysis  of  nitramiries  in  general).  On  the 
basis  of  deuterium  kinetic  isotope  effect  (DKEE)  it  was  proved  [25]  that  the  rate-limiting  step 
of  thermolysis  of  TNT  (in  condensed  state)  and  that  of  initiation  of  its  detonation  are  identical. 
It  is  also  possible  to  give  the  evidence  provided  by  furoxanes  and  furazanes  in  the  XPS 
spectrum  of  TATB  exposed  to  shock  [26,27]  (the  pyrolysis  of  ortho-nitroaniline  is  a  method 
of  synthesis  of  benzofiirazane  [28],  in  the  case  of  DA  TB  this  reaction  leads  to  4-amino-5, 7- 
dinitrobenzofurazane  [29]). 

The  said  identity  is,  however,  in  far  the  best  correspondence  with  the  modified  Evans- 
Polanyi-Semenov  equation  [20]  (it  might  determine  the  bond  which  is  the  first  split  in 
detonation  -  preliminary  study  see  ref.  [22]).  Thesis  [20]  gives  more  detail  analysis  of  the 
above-mentioned  facts  and  also  of  other  relations  between  thermal  reactivity  and  the 
detonation  characteristics  of  polynitro  and  polynitroso  compounds,  taking  ito  account  some 
newest  findings  due  especially  to  Prof  Dremin  in  the  field  of  detonation  theory  [30,  31].  The 
following  conclusion  resulted  from  this  analysis  [20]: 

The  primary  fragmentation  of  polynitro  and  polynitroso  compounds  in  their 
detonation  transformation  proceeds  at  milder  conditions  than  those  present  at  the  front  of 
detonation  wave  or  in  its  reaction  zone.  That  means  that  the  detonation  transformation 


141  -  9 


itself  of  the  given  substance  should  be  preceded  by  an  induction  period  The  course  of  the 
fragmentation  mentioned  is  not  random  but  is  characterized  by  a  chemical  mechanism 
which  is  most  likely  identical  with  that  of  the  primary  fragmentation  of  the  compounds 
given  in  their  low-temperature  thermolysis. 

It  must  be  stated  here  that  this  primary  fragmentation  is  not  probably  thermally 
initiated:  the  newest  findings  confirm  that  explosives  sensitivity  to  shock  and  impact  is  related 
to  electronic  excitation  of  their  molecules  by  both  these  mechanical  stimuli  (e.g.  see  refs. 
[27,30,  32-34 f). 
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Abstract 

Kinetic  data  on  thermal  decomposition  reactions,  generating  1,3- 
dipoles  [named  due  to  R.Huisgen]  or  including  intermediate  ones, 
create  unique  possibilities  of  the  numerical  estimations  of 
thermochemical  parameters  of  that  highly  reactive  molecules  or 
thermochemical  increments  for  their  fragments.  Up  to  now  there  is  a 
deficiency  of  such  data  on  heat  formations  and  bond  energies  for 
azides,  nitriloxides  and  etc. 

Using  known  data  and  obtained  kinetic  information  for  recyclization 
of  dimethylfurazan  and  dimethylfliroxan  the  bond  energy  for  N— >0 
in  alkylnitriloxides  was  evaluated.  The  scheme  of  evaluation  and  the 
values  of  bond  energy  are  discussed. 

Using  thermochemical  and  kinetic  data  for  monomolecular  thermal 
decomposition  of  1,5-  and  2,5-disubstituted  tetrazoles  the 
increments  of  heat  formations  of  groups  AfH°[C(j-(C)(N3)],  AfH°[Cd- 
(CbXNs)]  and  AfH°[Cd-(Cd)(N3)]  [according  to  additivity  rules  by 
S. Benson]  were  evaluated.  The  scheme  of  evaluation,  the  values  of 
increments  and  obtained  heats  of  formation  for  some  azides  are 


discussed. 
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Activation  energy  E  of  thermal  decomposition  reaction,  that  rate  is 
controlled  by  stage  of  weakest  o-bond  breaking,  as,  for  example,  for 
many  C-NO2  compounds,  practically  equial  strength  bond  D(Ri-R2), 
calculated  from  equation: 

E=D(R,-R2)=  AHf°(R,)  +  AHf°(R2)  -  AHf  (R1R2), 

where  AHf  -  enthalpies  of  formation.  Here  and  below  data  correspond  to 
standard  conditions  in  gas  phase. 

This  simple  equation  is  correct  under  small  activation  energy  for  reverse 
recombination  of  radicals  into  initial  molecule,  and  often  is  used  for 
calculating  of  enthalpies  of  radicals  formation  [1]. 

In  1963  year  R.  Huisgen  [2]  represent  the  definition  of  1,3-dipolar 
molecule  and  1,3-dipolar  cycloaddition  reactions,  i.e.  reaction  of 
formation  of  heterocyclic  compound  due  to  interaction  between  1,3- 
dipole  and  dipolarophile.  Now  huge  number  of  papers  is  devoted  to 
reactions  of  this  kind.  In  the  meantime,  data,  especially  thermochemical 
parameters  for  1,3-dipoles,  remain  difficult  of  access  due  to  their  high 
reactivity. 

For  multicentered  heterocycle  decomposition  reaction  1 
(cycloreversion,  reaction  retro-l,3-dipolar  cycloaddition)  and  for  reverse 
reaction  -1,  that  is  really  1,3-dipolar  cycloaddition,  can  be  written 
equation  (in  terms  of  workability  of  detailed  equilibrium  principle  [3]) 

AHf  (heterocycle)  -I-  Ej  (cyclodecomposition)  =  E.j  (cycloreversion)  + 
AHf  (1,3-dipole)  -t-  AHf  (dipolarophile)  (*) 
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We  use  such  equation  (*)  for  estimation  of  enthalpy  of  formation 
nitriloxides  -  1,3-dipolar  compounds,  so  often  these  energetic 
compounds  have  high  reactivity. 

For  irreversible  cycle  opening  (reaction  1)  in  tetramethylenefurazan 
(IMF) 

TMF  =>  NC-(CH2)4-CN0 

experimental  activation  energy  Ei=44.1  Kcal/mol  [4]. 

Enthalpy  of  tetramethylenefurazan  formation  must  be  near  equal  to  value 
for  tetramethylenefuroxan,  known  from  [5],  AHf  =22.3  Kcal/mol 
because  bond  strength  N->0  in  furoxans  D(N->O)a60  Kcal/mol  [6]. 
From  [7]  the  experimental  activation  energy  E.i=21.1  Kcal/mol  is 
known  for  1,3-cyclization  NC-(CH=CH)2-CNO  into  benzfurazan  (BF). 
This  value  corresponds  well-known  data  [8]  on  relation  between  reagents 
structure  and  rates  of  cycloaddition  reactions.  The  assumption  on  almost 
same  value  of  activation  energy  (E.i)  for  1,3-cyclization  NC-(CH2)4- 
CNO  into  TMF  corresponds  data  [8]  also. 

From  equation  type  (*)  for  TMF  we  can  calculate 
AHf°(NC(CH2)4CNO)=45.3  Kcal/mol 
Using  known  data  [3],  we  can  calculate  increment 
AHf  [C-(H)2(C)(CN0)]=32.8  Kcal/mol 
and  from  equation 

D(N->0)=  AHf  [C-(H)2(C)(CN)]+AHK0)-AH/[C-(H)2(C)(CN0)] 

strength  bond  N->0  in  nitriloxide  group,  binded  to  methylene  link 
D(N->0)=49.3  Kcal/mol. 
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In  recent  paper  [9]  by  determining  combustion  heat  of  1,4- 
dicyanobenzene  and  1,4-dicyanobenzene-di-N-oxide  the  value  D(N- 
>0)=53.3  Kcal/mol  was  calculated  according  equation: 

D(N->0)=  AHf  (1 ,4-dicyanobenzene)+AHf  (O)-AHf  ( 1 ,4- 
dicyanobenzene-di-N-oxide) 

Inspite  of  made  assumptions,  our  estimation  scheme  leads  to  result 
that  corresponds  value  D(N->0)  from  [9]  within  the  summary  accuracy 
of  estimation  (near  ±5  Kcal/mol). 

Using  value  D(N->0)=49.3  and  data  [3]  we  can  calculate  the 
formation  heat  of  intermediate  compound 

AHf(NC(CH=CH)2CNO)=98.7  Kcal/mol 
Again  the  experimental  activation  energy  E.j  for  1,3-cyclization  NC- 
(CH=CH)2-CN0  into  benzfurazan  is  equal  21.1  Kcal/mol  [7]. 

The  enthalpy  of  formation  AHf°(BF)=70.1  Kcal/mol  [6]. 

As  experimental  value  of  activation  energy  Ei  of  BE  decomposition  is  is 
equal  58.7  Kcal/mol  [4]  and  we  have 

AHf(Ba))+Ei>E.i+AHf(NC(CH=CH)2CNO)  or 
Ei>  E.j+AH 

this  is  mean,  that  thermal  decomposition  of  benzfurazan  is  running  in 
stepwise  manner.  Most  probable  second  stage  of  decomposition  is 
monomolecular  isomerization  of  nitiloxidic  fragment  into  isocyanatic 
one.  If  we  can  consider,  that  another  following  steps  runs  sufficiently  fast 
and  don’t  contribute  appreciable  addition  in  observed  rate  constant  of 
decomposition,  then  we  have  estimation  for  second  stage  E2=30.1 
Kcal/mol. 

Using  D(N->0)=49.3  Kcal/mol  and  known  data  on  decomposition 
kinetics  of  dimethylfuroxan  [4]  for  estimation  of  activation  energy  for 
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dimerization  methylnitrUoxides  into  dimethylfuroxan  we  find  value  near 
7  Kcal/mol. 

Mechanism  of  thermal  decomposition  1,5-disubstituted  tetrazoles, 
as  for  benzfurazan  is  stepwise.  Azidoazomethine  that  is  the  result  of 
tetrazolic  ring  opening  OdpaayiomHHCfl  b  pe3y.ai>TaTe  pacKpbixHfl 
reiepoiiHioiimecKoro  ^JparMenra  azidoazomethine  (reaction  1) 
cnocofieH  can  close  heterocycle  quickly  into  initial  structure  (reaction  - 
1)  and  can  eliminate  nitrogen  from  azidic  fragment  (reaction  2). 

Detailed  analysis  of  the  decomposition  mechanism  is  discussed  in  paper 
[11].  Using  analogous  scheme  we  estimate  the  heat  formation  for 
intermediate  azidoazomethines: 

AHf°[(CH3)(N3)C=N(CH3)]=84.5  Kcal/mol 
AHf°[(C2H3)(N3)C=N(CH3)]=110.1  Kcal/mol 
AHf[(C6H5)(N3)C=N(C6H5)]=143.7  Kcal/mol 
and  increments  of  azidic  groups  in  heat  formation: 
AH/[Cd-(C)(N3)]=83.4  Kcal/mol 
AHf°[Cd-(Cd)(N3)]=85.8  Kcal/mol 
AHf  [Cd-(Cb)(N3)]=88.4  Kcal/mol. 

Before  the  next  values  were  estimated  [10]: 

AH/[Cd-(H)(N3)]=81.4  Kcal/mol 
AHf  [(Cb)-(N3)]=75.8  Kcal/mol 
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ABSTRACT 


The  propellant  formulation,  is  an  essentia)  physicochemical  parameter  for  the 
in^rovement  of  its  energetic  and  Idnettc  perfbmtances.  It  exists  also  other  properties  and  more 
particularly  the  incorporation  of  specific  additives  that  have  generally  for  role,  in  one  hand  to 
modify  mechanical  properties,  in  other  hand  to  increase  ballistic  characteristics  []]. 

The  present  work,  consists  in  study  the  e£t%t  of  the  nature  of  some  comibustioa 
catMyst  as  copper  chronDte,  ferric  oxide  and  ferrocen  on  thermoanalytical  properties  of  PVC- 
plasticised  propellants  and  also  the  determination  of  reaction  kinetics  data  fi«m  thermodynanac 
measurements  :  temperature  and  enthalpy  of  decomposition,  using  kinetic  methods  of 
OZAWA  [2J  and  KISSINGER  [3].  They  allow  the  determinatioii  of  the  activation  energy  and 
the  frequency  fiuanr. 

The  resiction  model  based  on  the  wort  of  L.  Wilheliry  [4]  is  usually  employed  here : 


da 

dt 


=  k(l-a)" 
da 


where  —  is  the  reaction  rate  in  s'\  k  Is  the  lalc  coustant  in  o  ^  nnd  n  U  the  order  of  thfi 
dt 

reaction. 

The  reaction  constant  is  generally  assumed  to  have  a  temperature  dependence  of 


k -ko.exp(-E^ /RT), 

where  ko  is  the  frequency  foctor  in  s'* ,  E,  is  the  activation  energy  of  the  reaction  in  J/mol,  R  is 
the  gas  constant  and  T  is  the  absolute  temperature  of  the  reaction  mixture  in  K. 

The  appropriate  apparatus  for  these  anafysis  is  the  differential  scanning  catorimeter 
(DSC)  [5].  The  chemical  reaction  of  interest  is  measured  with  several  heatit^  rates  p.  The 
sample  temperature  at  tte  peak  tip  is  determined  for  every  curve.  The  activation  energy  can  be 
obtmhcd  from  the  slope  of  the  gra[^  of  log  p  versus  1  /  Tpe*  (  OZAWA  )  or  In  p  Z  (  Tpo*  )* 
versus  1/Tpc^(  TCISSINGER  ). 

The  detemanation  of  kinetic  parameters  of  thetmalfy  hazardous  materials,  by  OZAWA 
and  KISSINGER  methods,  allows  finally  to  define  the  mechanism  of  the  reaction. 
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ABSTRACT 

Mixtures  of  2,4,6-trinitrotoluene  (TNT)  and  cyclo-l,3,5-trimethylene-2,4,6-trinitramine 
(RDX,  Cyclonite,  Hexogen),  standard  high  explosives,  in  different  mass  proportions,  are 
widely  used  as  an  explosive  fill  for  different  types  of  projectiles. 

The  mass  fi’action  of  TNT  in  such  mixtures  may  be  easily  determined  by  a  standard 
analytical  method  based  on  the  selective  solution  of  one  of  the  components  in  suitable  sol¬ 
vent.  This  method  is  precise,  but  time  consuming. 

The  procedure  and  the  results  of  quantitative  determination  of  TNT  in  mixtures  with 
RDX  by  the  use  of  Differential  Scanning  Calorimetry  (DSC)  are  described  in  the  paper.  The 
obtained  accuracy  (error  less  than  +3  mass  percents),  as  well  as  the  fact  that  the  method  is 
fast  and  that  it  simultaneously  gives  several  pieces  of  information  about  a  sample  to  be 
tested  (e.g.  temperature  and  heat  of  melting,  temperature  and  heat  of  decomposition,  calo¬ 
rimetric  purity,  etc.)  make  it  applicable  for  fast  and  rough  quantitative  determination  of 
TNT  in  a  mixture  with  RDX. 

The  described  method  can  be  also  used  for  the  determination  of  TNT  in  a  mixtures 


with  HMX  and  PETN. 
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1.  INTRODUCTION 

Mixtures  of  trinitrotoluene  and  hexogen  are  known  under  various  names:  Cyclotols  (USA), 
Hexotol  (Sweden),  Hexolite  (France),  Ftillpulver  (Germany),  Tritolite  (Italy),  etc.  [1,2],  The 
content  of  TNT  and  RDX  in  such  mixtures  may  vary  in  broad  limits,  depending  on  techno¬ 
logical  requirements,  detonation  performances  required,  etc. 

A  usual  way  to  determine  TNT  content  in  such  mixtures  is  by  the  selective  solution 
of  TNT  by  using  a  suitable  solvent.  This  method  is  very  precise,  but  time  consuming  [3]. 

Today,  in  the  field  of  explosive  materials  the  methods  of  thermal  analysis  have  found 
widespread  use.  This  refers  in  particular  to  Differential  Scanning  Calorimetry  (DSC),  Dif¬ 
ferential  Thermal  Analysis  (DTA),  and  Thermogravimetry  (TGA).  Their  application  is, 
however,  directed  mostly  to  the  characterisation  of  explosive  materials  and  stud)dng  their 
thermal  properties  (e.g.  melting  process,  polymorphic  transformations,  thermal  stability, 
thermal  decomposition  kinetics,  etc.)  [1,4,5,6,7]. 

Since  these  methods  give  qualitative  and  quantitative  information  about  the  physical 
or  chemical  changes  in  a  sample  tested,  associated  with  the  heat  liberation  or  absorption, 
they  may  be  successfully  applied  for  the  quality  control,  as  well  as  for  some  analytical  pur¬ 
poses  (e.g.  identification  thanks  to  a  compound  specific  thermogram  ),  for  compositional 
analysis  of  mixture,  etc.  [8,9,10,1 1,12]. 

The  determination  of  a  component  content  in  a  mixture,  as  an  important  quality 
control  test,  may  be  for  some  types  of  mixtures  done  by  DSC  [13],  The  determination  is 
based  on  the  fact  that  the  heat  of  melting  (crystallisation,  phase  transition,  etc.)  of  a  sample 
is  in  simple  relation  with  the  heat  of  melting  of  100%  pure  compound. 

To  determine  TNT  content  in  a  TNT/RDX  mixture,  a  weighted  sample  is  heated 
fi'om  well  below  TNT  melting  temperature  to  well  over  it.  The  area  under  the  melting  en- 
dotherm  is  then  integrated  and  the  heat  of  melting  calculated.  Rationing  the  so  obtained  heat 
of  melting  Avith  the  heat  of  melting  obtained  for  a  100%  TNT  sample,  the  mass  percent  of 
TNT  in  the  mixture  is  obtained. 
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2.  EXPERIMENTAL 

To  perform  the  experiment,  the  TNT  and  RDX  samples  of  a  commercial  grade  of  quality 
(the  melting  point  of  TNT  was  80.66  °C,  and  the  melting  point  of  RDX  203.48  °C)  were 
chosen. 

The  mixtures  of  TNT  and  RDX  were  prepared  by  hand  mixing  of  previously  finely 
ground  explosives. 

The  DSC  curves  were  obtained  with  TA  Instruments  model  DSC  2910  by  placing  a 
sample,  about  5  mg  in  mass,  in  an  aluminium  sample  pan  covered  by  an  aluminium  cover 
without  crimping,  with  a  heating  rate  of  5  °C/min,  and  under  nitrogen  pouring  with  a  flow 
rate  of  100  ml/min. 

The  TGA  curves  were  obtained  with  TA  Instruments  model  SDT  2960,  using  the 
same  sample  masses,  aluminium  sample  pans,  the  same  heating  rate,  and  nitrogen  pouring, 
as  for  the  DSC  curves. 


3.  RESULTS  AND  DISCUSSION 

The  temperature  and  the  heat  of  melting  of  pure  chemical  compound  may  be  easily  deter¬ 
mined  by  the  DSC  technique.  However,  the  melting  behaviour  of  the  samples  containing 
more  than  one  chemical  component  may  be  more  complex,  and  thus  the  determination  of 
the  sample  temperature  and  the  heat  of  melting.  For  example,  if  one  pure  solid  component 
does  not  dissolve  at  all  in  other  pure  solid  component  in  a  mixture,  they  form  an  eutectic 
mixture;  two  solid  components  very  similar  in  structure  may  form  solid  solution;  one  solid 
component  may  be  partially  soluble  in  other  component  of  the  mixture;  two  components 
may  chemically  react  and  form  a  compound,  etc.  [8]. 

A  usual  way  to  study  the  phase  behaviour  of  a  mixture  by  the  methods  of  thermal 
analysis  is  to  obtain  the  DSC  or  DTA  curves  of  the  components  forming  the  mixture,  and 
the  mixtures  having  a  different  mass  ratio  of  components.  Thus,  in  order  to  estimate  the 
possibility  of  quantitative  determination  of  TNT  in  TNT/RDX  mixtures  by  the  DSC  tech¬ 
nique,  the  first  step  was  to  obtain  DSC  curves  of  TNT,  RDX,  and  the  mixtures  with  differ¬ 
ent  TNT/RDX  ratios  (Fig.  1). 
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Figure  1.  DSC  curves  of  TNT,  RDX  and  TNT/RDX  mixtures 


It  can  be  seen  from  Fig.  I  that  TNT  shows  a  sharp  melting  endotherm  in  the  tem¬ 
perature  range  of  75-85  °C,  and  an  exothermic  peak  corresponding  to  decomposition  in  the 
range  of  250-300  °C  (the  shape  of  TNT  thermogram,  particularly  over  130  °C,  depends 
strongly  on  testing  conditions:  heating  rate,  whether  a  sample  cup  is  hermetically  crimped  or 
not,  etc.). 

The  DSC  curve  of  pure  RDX  shows  a  sharp  melting  endotherm  in  the  range  of  200- 
210  °C.  Immediately  after  melting,  decomposition  takes  place,  and  an  exothermic  peak  is 
observed  in  the  range  of 2 1 0-250  °C. 

The  DSC  curves  of  TNT/RDX  mixtures  show  two  separate  melting  peaks;  one  cor¬ 
responding  to  TNT  melting  ,  and  the  other  to  RDX  melting  processes.  Such  behaviour  is 
typical  for  eutectic  mixtures  [8].  The  peak  corresponding  to  RDX  melting  decreases  rapidly 
with  the  decrease  of  RDX  content  in  the  mixture,  and  disappears  completely  below  about 
50%  RDX.  This  is  a  consequence  of  two  processes:  dissolution  of  solid  RDX  in  melted 
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TNT  at  higher  temperatures  [14],  and  overlapping  with  the  exothermic  decomposition  of 
the  mixture. 

It  is  also  evident  from  Fig.  1  that  there  are  no  other  peaks  overlapping  the  TNT 
melting  peak,  and  from  Fig.  2  that  there  are  no  mass  losses  in  the  range  of  TNT  melting 
process  (75-85  °C).  These  facts  are  important  preconditions  for  the  quantitative  determina¬ 
tion  of  TNT  in  a  TNT/RDX  mixture  on  the  basis  of  TNT  heat  of  melting. 


Enthalpy  of  meltine 

From  the  DSC  curves  showing  TNT  melting  endotherms  (Fig.  3)  it  is  clear  that  the  decrease 
of  TNT  content  in  the  mixture  results  with  the  decrease  of  the  area  under  the  melting  en- 
dotherm,  i.e.  decrease  of  specific  enthalpy  of  melting.  The  relation  between  sample  mass 
(ms),  area  under  peak  (A),  and  specific  enthalpy  of  melting  (AJt)  is  given  by  the  equation: 


A„li  = 


AK 

nh 


(1) 


where:  K  -  DSC  calibration  constant 

Mass  percent  of  TNT  (w%TNT)  in  the  mfarture  is  calculated  from  specific  enthalpy 
of  melting  of  100%  TNT  and  specific  enthalpy  of  TNT  melting  in  TNT/RDX 

mixture  (Am/ixNT/RDx),  according  to  the  following  equation  [13]: 


w%TNT  =  .  100 


(2) 


The  specific  enthalpies  of  melting  are  obtained  from  the  DSC  curves  given  in  Fig.  1 
(integration  of  melting  endotherm  and  calculation  of  enthalpy  by  Eq.  1).  The  values  ob¬ 
tained  are  given  in  Table  1. 


Heat  Flow  (W/g) 


100 


150  201 

Temperature  (*C) 


Universal  VI. 9D  TA  Instruments 


Figure  2.  TGA  curves  of  TNT,  RDX  and  TNT/RDX  mixtures 


Temperature  (*C)  Universal  VI. 9D  TA  Instruments 


Figure  3.  Endothermic  peaks  corresponding  to  TNT  melting  process  as  a  function  of  TNT 

content  in  the  mixture 
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Table  1.  Experimentally  obtained  enthalpies  of  melting 


TNT/RDX 
mass  ratio 

Specific  enthalpy  of  melting 

Mean  value 

J/g 

Standard 

deviation 

J/g 

100/0 

93.47 

2.01 

85/15 

80.11 

1.87 

75/25 

67.45 

2.70 

50/50 

46.52 

1.55 

25/75 

20.57 

1.26 

15/85 

12.64 

2.15 

5/95 

2.99 

- 

The  specific  enthalpy  of  melting  of  100%  TNT  of  93.47  J/g  is  obtained  as  a  mean 
value  of  seven  measurements,  with  standard  deviation  of  2.01  J/g.  This  value  is  quite  close 
to  some  literature  values  for  pure  (recrystallised)  TNT  of  99.5  and  103.2  J/g  [15],  and 
98.51  J/g  [1].  The  values  of  specific  enthalpies  of  melting,  given  in  Table  1,  are  obtained  as 
a  mean  values  of  3-5  measurements. 

From  Fig.  4,  showing  the  dependence  of  the  experimentally  obtained  values  of  spe¬ 
cific  enthalpy  of  melting,  and  the  values  of  the  enthalpy  of  melting  calculated  by  Eq.  2,  upon 
actual  (as  prepared)  TNT  content,  it  follows  that  there  is  a  good  agreement  between  the  ex¬ 
perimentally  obtained  and  the  calculated  values  of  melting  enthalpies  (difference  less  than  3 
J/g).  The  experimentally  obtained  values  are  consistently  slightly  lower  than  the  calculated 
ones,  and  result  with  a  slightly  non-linear  dependence  of  melting  enthalpy  on  TNT  content. 
Such  result  should  be  attributed  to  the  partial  solution  of  RDX  in  melted  TNT  (about  4.5% 
at  81  ”C,  according  to  [14]).  Because  of  that,  the  experimentally  obtained  values  of  enthalpy 
of  melting  should  be  lower  than  expected,  i.e.  calculated  by  Eq.  2  for  actual  TNT  content 
(because  of  enthalpy  of  mixing  and  enthalpy  of  solution). 

From  the  experimentally  obtained  values  of  the  specific  enthalpy  of  melting,  TNT 
content  (found)  is  calculated  applying  Eq.  2.  The  comparison  of  the  so  obtained  TNT  con¬ 
tent,  and  the  actual  content  (Fig.  5),  shows  that  a  satisfactory  agreement  exists  between 
them  (error  less  than  ±3%) 


Found  TNT  content,  % 
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Figure  4.  Specific  enthalpy  of  melting  vs.  TNT  content  in  TNT/RDX  mixture 


Figure  5.  Comparison  of  found  and  actual  TNT  content  in  TNT/RDX  mixture 
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However,  instead  of  applying  Eq.  2  for  the  calculation  of  TNT  content,  one  may  use 
experimentally  obtained  relationship  between  the  enthalpy  of  melting  and  the  actual  TNT 
content  in  the  mixture  (Fig.  4),  i.e.  calibration  curve: 

=  0-7  •  (%TNT)'  ““  (r  =  0.9952)  (3) 

Calculating  TNT  content  in  such  a  way,  the  error  between  the  actual  and  the  found 
TNT  content  may  be  decreased  below  1.8  mass  percents. 


Melting  temperature 

The  melting  temperatures  of  TNT  and  RDX,  given  in  Table  2,  are  obtained  from  DSC 
curves. 


Table  2.  Melting  temperatures  of  TNT  and  RDX 


TNT/RDX 
mass  ratio 

Melting  temperature  of  TNT 

Melting 
temperature  of 
RDX 
“C 

Mean  value 

°C 

Standard 

deviation 

"C 

100/0 

80.66 

0.10 

- 

85/15 

80.00 

0.05 

- 

75/25 

79.86 

0.03 

50/50 

79.32 

0.24 

169.3 

25/75 

79.15 

0.01 

188.0 

15/85 

79.02 

0.13 

198.1 

5/95 

78.99 

- 

199.4 

0/100 

- 

- 

203.48 

The  melting  temperature  of  100%  TNT  of  80.66  °C  (obtained  as  a  mean  value  of 
seven  measurements,  with  a  standard  deviation  of  0.099)  decreases  with  TNT  content  de¬ 
crease,  approaching  asymptotically  about  79  “C.  This  melting  temperature  is  stated  in  lit¬ 
erature  as  the  melting  temperature  of  Comp  B  (60  %  RDX)  and  Cyclotols  having  70  and 
80%  RDX  [1]. 
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The  melting  temperature  of  RDX  decreases  more  rapidly  with  RDX  content  de¬ 
crease.  Below  50%  of  RDX  melting  endotherm  corresponding  to  RDX  disappeared  com¬ 
pletely:  as  mentioned  earlier,  this  is  connected  with  RDX  dissolution  in  melted  TNT,  as  well 
as  with  the  overlapping  of  the  melting  endotherm  with  the  exothermic  decomposition  proc¬ 
esses. 

It  is  known  that  the  melting  temperature  shows  the  effect  of  soluble  impurities  on  a 
pure  compound:  a  small  amount  of  soluble  impurity  lowers  the  melting  temperature  [8]. 
Thus  the  melting  temperature  depression  may  serve  as  a  measure  of  a  substance  purity.  In 
this  paper,  TNT  melting  temperature  depression  is  applied  for  the  calculation  of  the  content 
of  RDX  dissolved  in  melted  TNT  (in  the  range  of  TNT  melting  endotherm:  75-85  °C),  ac¬ 
cording  to  the  van’t  Hoff  equation  in  the  following  form  [1 1,12]: 

mo/%RDX=ioo.^^^-[r^™,-r„,™„^,]  (4) 


where:  jwo/%RDX  -  mol  percent  of  soluble  RDX 
Tmjm  -  melting  temperature  of  pure  TNT 
7ni,TNT/RDx  -  melting  temperature  of  TNT  in  TNT/RDX  mixture 
AtJi-THT  -  molar  enthalpy  of  melting  of  100%  TNT 


It  follows  (Fig.  6)  that  the  mol  percent  of  RDX  soluble  in  melted  TNT  is  dependent 
on  its  content  in  the  mixture.  The  amount  of  soluble  RDX  increases  with  increase  of  RDX 
content  in  the  mixture,  approaching  as)miptotically  a  value  of  about  3.5%.  This  value  is 
close  to  the  value  of  4.5%  at  81  °C,  cited  in  literature  [14]. 
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RDX  content  in  mixture,  % 


Figure  6.  Dependence  of  TNT  melting  temperature  and  RDX  solubility  in  melted  TNT  on 

RDX  content  in  the  mixture 


4.  CONCLUSIONS 

The  results  of  the  presented  show  that  Differential  Scanning  Calorimetry  may  be  applied  for 
a  rough  quantitative  determination  of  TNT  content  in  mixtures  with  RDX.  The  difference 
between  the  actual  and  the  found  TNT  content  less  than  3  mass  percents  was  obtained.  If 
the  calibration  curve,  expressing  the  dependence  of  the  enthalpy  of  melting  on  TNT  content, 
is  used,  the  difference  may  be  lowered  below  1.8  mass  percents. 

The  advantage  of  the  described  method  is  in  its  simplicity,  quickness,  and  in  the  fact 
that  it  gives  at  the  same  time  several  pieces  of  information  about  the  tested  sample.  This 
makes  the  method  suitable  for  fast  and  rough  quantitative  determination  of  TNT  in  mixtures 
with  RDX.  Following  the  same  principle,  the  method  may  be  applied  for  the  determination 
of  TNT  in  mixtures  with  HMX  and  PETN. 
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Thermal  Behavior  and  Stability  of  HNIW  (CL  20) 

S.  Lobbecke,  M.A.  Bohn,  A.  Pfeil,  H.  Krause 

Fraunhofer-lnstitut  fur  Chemische  Technologie  ICT 
P.O.  Box  12  40,  76318  Pfinztal,  Germany 


Introduction 

2.4.6.8.10.12- hexanitrohexaa2aisowurtzitane  (HNIW;  also  known  as  „CL  20")  is  a 
relatively  new  polycyclic  strained-cage  nitramine  which  was  first  synthesized  in  1 987  by 
AT.  Nielsen  at  the  former  Naval  Surface  Weapons  Center  at  China  Lake,  California. 

The  molecular  structure  of  HNIW  (exact  chemical  name:  2,4,6,8,10,12-hexanitro- 

2.4.6. 8.1 0.1 2- hexaazatetracyclo[5.5.0.0®*.0^"]dodecane)  consists  of  a  basic 
isowurtzitane  cage  with  one  nitro  group  attached  to  each  of  the  bridging  nitrogen 
atoms  as  shown  in  Figure  1 . 


Fig.  1 :  molecular  structure  of  HNIW  („CL  20") 

Although  HNIW  is  chemically  similar  to  the  well-known  monocyclic  nitramines,  RDX  and 
HMX,  it  has  remarkable  advantages  due  to  its  cage  structure.  Table  1  shows  that  the 
cage  structure  of  HNIW  effects  a  high  molecular  density  as  well  as  a  significant  increase 
in  the  heat  of  formation  caused  by  additional  ring  strain. 


145-2 


Tab.  1 ;  physicochemical  properties  of  HNIW  compared  with  RDX  and  HMX 


RDX 

HMX 

e-HNIW  (,CL20-) 

sum  formula 

CaHeNeOe 

C4HgN508 

CaHeNiaO,, 

moiecutanAmtght 

222.12  g/mol 

296.16  g/mol 

438.19  g/mol 

density 

1.81  g/cm^ 

1 .90  g/cm" 

2.04  g/cm" 

heat  of  formation 

70  kJ/mol 

88  kJ/mol 

41 5  kJ/mol 

o)tygen1>alanoa 

-21.61% 

-21.61% 

-10.95% 

Four  stable  polymorphs  of  HNIW  (a,  p,  y  and  s)  are  known  to  exist  at  ambient 
conditions  from  which  the  e  polymorph  is  the  one  with  the  highest  density  (2,04  g/cm^). 
The  application  of  e-HNIW  in  energetic  formulations,  for  example  as  a  substituent  for 
RDX  or  HMX,  requires  reliable  information  on  its  thermal  and  energetic  properties.  This 
work  presents  first  results  investigating  thermal  decomposition,  thermal  stability  and 
thermal  phase  behavior  of  e-HNIW. 

Experimental 

e-HNIW  was  purchased  from  Thiokol  Corporation,  Brigham  City,  Utah  (USA),  with  a 
particle  size  of  d((,5)  =  163  pm.  A  portion  of  the  sample  was  ground  at  ICT  to  particle 
sizes  of  d,(,5)  =  5  pm  [1],  An  additional  sample  of  e-HNIW  was  received  from  SNPE,  Vert- 
le-Petit  (France),  having  a  particle  size  of  d^s  =16  pm. 

The  chemical  and  polymorph  purity  of  the  samples  was  characterized  by  FTIR,  X-Ray 
diffraction,  HPLC,  NMR  and  other  analytical  techniques  that  are  described  in  detail 
elsewhere  [2,  3].  Main  chemical  impurities  were  lower  nitrated  derivates  of  HNIW  as 
well  as  different  solvent  residues. 

The  thermal  behavior  of  e-HNIW  was  investigated  by  Thermogravimetric  Analysis  (TGA; 
TA  Instruments,  New  Castle,  DE,  USA),  Differential  Scanning  Calorimetry  (DSC;  TA 
Instruments,  New  Castle,  DE,  USA)  and  infrared  spectroscopic  Evolved  Gas  Analysis 
(EGA;  for  detailed  description  see  ref.  [4])  under  isothermal  conditions  or  by  using  slow 
linear  heating  rates  (0.5  to  10.0  K/min).  The  experiments  were  performed  under  argon 
atmosphere.  DSC  experiments  were  carried  out  in  sample  pans  with  pierced  lids  made 
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of  aluminum.  Visual  monitoring  of  the  thermal  behavior  of  HNIW  was  realized  by  a 
video  CCD  camera  which  was  adapted  to  a  self-constructed  thermo-microscope,  again 
working  with  slow  linear  heating  rates  or  under  isothermal  conditions. 

Results 

The  thermal  behavior  of  e-HNIW  is  dominated  by  two  main  thermal  effects,  illustrated 
by  a  typical  DSC  measurement  of  e-HNIW  in  Figure  2; 

1 .  solid-solid  phase  transition  from  the  e-  to  the  y-polymorph,  followed  by: 

2.  thermal  decomposition  of  the  y-polymorph  at  higher  temperatures 


Fig.  2:  endothermic  phase  transition  and  exothermic  decomposition  of  e-HNIW 

measured  by  DSC 

phase  behavior  of  e-HNIW: 

Heating  of  e-HNIW  to  temperatures  above  164°C  (onset  temperature)  effects  a  solid- 
solid  phase  transition  to  the  y-polymorph  detected  as  an  endothermic  signal  in  DSC 
experiments  (Fig.  3).  The  e  ^  y  transition  is  irreversible;  cooling  and  heating  again  of  y- 
HNIW  effects  no  polymorphic  conversion.  The  different  polymorphs  of  HNIW  can  be 
easily  identified  and  distinguished  using  FTIR  spectroscopy,  especially  in  the  spectral 
range  between  1200  cm"'  and  600  cm"’  (see  Fig.  4). 
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Fig.  3:  twofold  heating  and  cooling  of  HNIW  between  25°C  and  200°C 
demonstrating  irreversibie  e  y  solid-soiid  phase  transition  (measured  by 
DSC) 

In  addition  to  the  fast  and  quantitative  e  ->  y  transition  of  HNIW  under  conditions  of 
linear  heating  also  a  slow  e  ->  y  transition  was  observed  at  temperatures  <  164®C.  For 
example,  more  than  15%  y-polymorph  was  observed  after  20  hours  storage  of  e-HNIW 
at  (Fig.  4).  Indication  of  a  slow  polymorphic  conversion  of  e-HNIW  at 

temperatures  below  164'’C  is  aiso  described  by  Foitz  et  al.  who  measured  z  ->  y 
transition  of  dissolved  HNIW  already  at  T  =  64  +  1  °C  [5]. 

Since  the  e  y  solid-soiid  phase  transition  is  combined  with  a  decrease  in  molecular 
density  as  weii  as  an  increase  in  voiume  the  knowledge  of  HNIW  phase  stability  even  at 
lower  temperatures  has  a  significant  importance  for  the  appiication  of  HNIW  in 
energetic  formuiations  and  wiii  be  investigated  much  more  in  detail  in  future  work. 


Exiinktion  ExUnktion  Extinktion 


Infrared  spectra  of  pure  e-HNIW,  pure  y-HNIW  and  original  e-HNIW  20  hours 
after  storage  at  140°C,  containing  significant  amounts  of  y-HNIW  due  to 
polymorphic  conversion 
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thermal  decomposition  ofy-HNIW: 

As  shown  in  Figure  2  further  heating  of  polymorphic  converted  y-HNIW  to  temperatures 
above  210“C  causes  the  exothermic  decomposition  of  the  polycyclic  nitramine.  On 
closer  inspection  of  the  exothermic  DSC  peak  a  low-temperature  shoulder  can  be 
observed  indicating  two  superimposed  decomposition  steps. 

Since  the  few  DSC  data  of  e-  resp.  y-HNIW  found  in  literature  show  no  reliable 
accordance  [6,  7],  and  even  in  some  cases  uncontrolled  decomposition  [7]  Table  2 
summarizes  mean  values  of  ten  DSC  experiments  carried  out  at  a  linear  heating  rate  of 
2  K/min  with  sample  sizes  between  0.669  and  0.945  mg. 

Tab.  2:  DSC  data  of  e-  resp.  y-HNIW  decomposition  (2  K/min,  argon  atmosphere,  Al 


sample  pans  with  pierced  lids;  mean  values  of  ten  DSC  runs) 


^  - 

‘  ctfciilstod  ofiMt 
tOffilMirattireof 

tenyieratuteat 
maximum  h«fft  flow 

^  *  c"  . 

maximum  heat 
flow 

-.;y 

218.87  +  0.43  “C 

232.36  ±  0.18  "C 

3.75  ±0.17 

1133.9  ±29.4 

kW/mol 

kJ/mol 

(8.55  ±  0.39  W/g) 

(2588  ±67.1  J/g) 

TGA  experiments  confirm  the  two-step  decomposition  of  HNIW.  Figure  5  show  tGA 
measurements  of  the  large  particle  fraction  (djoj)  =163  pm)  indicating  a  significant 
influence  of  the  heating  rate  on  the  two-step  mass  loss.  Since  the  5  and  16  pm 
fractions  of  HNIW  show  no  two-step  decomposition  at  lower  heating  rates  (Fig.  6)  (but 
still  at  higher  heating  rates  >  10  K/min)  it  can  be  supposed  that  the  initial 
decomposition  of  HNIW  is  -  at  least  partly  -  kinetically  controlled  by  particle  size. 
(Furthermore,  the  slower  the  heating  rate,  the  more  complete  polymorphic  conversion 
to  the  y-phase  takes  place,  combined  with  volume  expansion  as  well  as  micro-cracking 
and  fracturing  of  the  crystals,  as  it  was  observed  by  thermo  microscopy;  see  also  [7]). 

In  contrast  to  the  monocyclic  nitramines  RDX  and  HMX  which  produce  only  gaseous 
decomposition  products,  polycyclic  HNIW  produces  a  solid  residue  of  9  - 14  mass%  at  T 
=  300°C  (Fig.  5  and  6).  The  infrared  spectrum  of  the  residue  is  shown  in  Figure  7. 


A  broad  absorption  band  centered  at  3237  cm  can  be  identified  as  a  secondary  amine 
fragment.  Further  absorption  bands  are  located  between  1750  and  1200  cm  '  that 
could  be  used  as  evidence  for  carbonyl  (resp.  amide  fragments),  C=N,  C-C,  C=C,  NO  or 
polymeric  fragments  like  azines  and  melon-like  fragments,  as  it  was  also  suggested  by 
Brill  and  Patil  [8  -  9]. 


Temperatore  (*0) 


verlsy  Vl.OD  TA  Inst. 2100 


TGA  measurements  of  s-HNIW  (d,05)  =  163  urn)  at  different  heating  rates 


200 

Temperature  (*0 


TGA  V5. lA  DuPont  2100 


TGA  measurement  of  s-HNIW  =  5  um)  at  2  K/min 


ABSORBANCE 

.09  .30  .51  .72  .93 
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Fig.  7:  Infrared  spectrum  of  solid  HNIW  decomposition  residue 

Gaseous  decomposition  products  of  HNIW  which  were  detected  by  rapid  scan  FIR 
spectroscopy  are  shown  in  Figure  8.  Main  decomposition  products  are  COj,  NjO,  NOj 
and  HCN,  in  addition  traces  of  NO  and  CO  were  detected.  The  evaporation  profiles 
show  a  nearly  parallel  evolution  of  the  four  main  decomposition  products  until  the 
maximum  of  NO^  and  NjO  concentration  was  reached.  NOj  is  liberated  from  HNIW  by 
N-NOj  homolysis  which  is  a  typical  mechanism  of  nitramine  thermolysis  [1 0].  The  NOj 
release  effects  a  weakening  of  HC-NNOj  bonds  adjoining  to  the  position  of  N-NOj 
homolysis.  The  weak  C-N  bond  can  be  stabilized  by  the  evaporation  of  NjO  and  by 
forming  a  carbonyl  containing  residue  [8]  (Fig.  9). 

The  concerted  evaporation  of  NOj  and  N^O  can  be  clearly  seen  in  the  EGA  profiles. 
While  the  concentration  of  the  stable  decomposition  product  NjO  keeps  constant  after 
reaching  the  maximum,  the  NOj  concentration  decreases  due  to  reactions  with  the  cage 
structure  backbone.  Further  amounts  of  COj  and  HCN  are  evaporated  (Fig.  8)  and  the 
solid  residue  containing  amine,  amide  and/or  other  azine  fragments  is  formed. 


145-10 


Fig.  9:  schematic  illustration  of  possible  HNIW  decomposition  pathways 

thermal  stability  of  s-HNIW: 

Beside  quantitative  thermal  decomposition  of  e-HNIW  at  temperatures  above  210°C 
also  a  slow  thermal  decomposition  at  lower  temperatures  was  obsewed  by  isothermal 
TGA  experiments.  Conversion  times  measured  for  5%  mass  loss  are  summarized  in 
Tables. 

Tab.  3:  Conversion  times  measured  for  5%  mass  loss  during  isothermal  storage  of 

e-HNIW  (d(o.5)  =  1 63  pm)  at  different  temperatures 


145-11 


With  some  of  these  isothermal  TGA  mass  loss  measurements  kinetic  calculations  were 
performed.  HNIW  shows  an  autocatalytic  decay  which  can  be  generally  described  by  the 
reaction  scheme  (RS  1): 


A  — >  B  +  C  +  S  unimolecular  decomposition 

A  +  B  — 2  B  +  C  +  S  autocatalytic  decomposition 

B  is  the  autocatalyticly  effective  decomposition  product,  C  represents  all  volatile 
decomposition  products  and  S  summarizes  all  non-volatile  decomposition  products. 

With  A  =  HNIW  eq.(1)  is  obtained  from  reaction  scheme  1 . 


(1) 


-k, {T) ■  Ait, T)-k^iT)-  Ait, T) ■  Bit,  T) 


The  unimolecular  decomposition  of  HNIW  is  a  reaction  of  first-order  whereas  the  auto¬ 
catalytic  reaction  represents  a  second-order  kinetics.  (RS  1)  and  eq.(1)  are  formulated  by 
using  the  molar  amounts  of  the  reactants.  Because  the  HNIW  decomposition  was 
investigated  by  isothermal  TGA  mass  loss  measurements,  eq  (1)  has  to  be  re-formulated 
by  using  the  masses  of  the  reactants.  With  the  conditions  of  the  formation  of  B  and  C 
by  the  decomposition  of  A, 


B(t,  T)  =  A(0)  -  A(t,  T)  and  B(0)  =  0 
C(t,  T)  =  A(0)  -  A(t,  T)  and  C(0)  =  0 

and  with  the  molar  masses  m*,  mg,  m^  mj  as  well  as  by  dividing  A(t,T)  with  the  starting 
amount  A(0)  in  eq.(1),  the  eq.(2)  is  obtained  with  A  expressed  as  the  relative  mass 
MJt,T)=MA(t,T)/MA(0)[11]. 


(2) 


dt 


-k'^iT)M,^,it,T)-kl^iTfM^it,T)-{^-M^it,^ 


The  reaction  rate  constants  of  eq.(2)  are  connected  to  those  of  (RS  1)  and  eq.(1) 
according  to  eq.(3),  their  dimensions  are  now  lAime. 


(3)  k‘^(T)  =  k,(T)  and  kl^(T)  =  k,(T)- A(0) 
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Integration  of  eq.(2)  leads  to  eq.(4),  also  known  as  „1^  order  +  autocatalytic"-model. 


(4) 


_ k'^(T)  +  kl,(T) _ 

k  ML  k^L  'ML(T)+ki,{T))-t) 


The  actual  mass  loss  during  a  TGA  experiment  can  be  generally  expressed  by  eq.(5)  [11]. 


(5)  M(a7)  =  M0)  - 

Due  to  the  formation  of  the  residue  S  and  the  possiblity  of  non-reacting  components  be 
present  in  the  sample,  the  actually  measured  mass  M(t,T)  and  the  mass  MA(t,T)  of  the 
reacting  substance  A  may  not  be  equal.  In  the  case  of  HNIW  decomposition,  pure  HNIW 
is  assumed  to  be  the  starting  material.  Hence,  with  M(0)  =  Ma(0)  the  eq.(6)  can  be 
derived  from  the  eq.(5). 

(6)  =  1  =  1 

The  mass  loss  ML  is  calculated  by  using  eq.(7); 

ML{t,  7)  =  O  +  (l  -  M,  (A  7))- 100% 

(7) 

ML{t,  7)  =  O  +  ^  •  (l  -  (A  7))  •  100% 

In  eq.(7)  the  parameter  0  stands  for  an  offset  caused  by  the  evaporation  of  volatile 
compounds  and  may  not  be  generated  by  the  decomposition  of  A.  As  mentioned  above 
HNIW  forms  a  solid  residue  after  thermal  decomposition.  Until  now  the  values  for  the 
molar  masses  me,  mj  und  me  of  the  corresponding  reactants  B,  S  and  C  are  not  known 
and  eq.(7-1)  in  combination  with  eq.(4)  was  used  to  evaluate  the  measurements  in  the 
temperature  range  160°C  to  180°C.  The  data  that  had  been  recorded  during  the 
equilibration  of  the  TGA  system  have  been  removed,  which  sets  0  to  zero.  For  the  use 
in  propellants  only  the  first  few  percentages  in  the  decomposition  of  an  energetic 
ingredient  is  of  importance.  This  determines  already  the  performance  limits  and  eq.(7-1) 
is  a  suitable  approximation  to  describe  this  very  first  part  of  the  HNIW  decomposition. 
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here  between  0  and  3%  in  mass  loss.  The  results  of  the  modelling  are  presented  in 
Figure  10  and  Table  4.  The  solid  lines  in  Figure  10  represent  the  calculated  values 
according  to  the  model,  dots  represent  a  reduced  number  of  the  experimental  data 
used  in  the  calculations,  there  numbers  have  been  about  700  up  to  1000  for  each 
temperature. 


Fig.  10:  correlation  of  isothermal  TGA  measurements  of  e-HNIW  (djoa  =  163  pm) 
with  the  ,,1*'  order  +  autocatalytic"  model  (solid  line:  calculated  data,  dots: 
selected  measured  data). 


Tab.  4:  reaction  rate  constants  and  Arrhenius  parameters  of  isothermal 
decomposition  of  e-HNIW  at  temperatures  between  IGO^C  and  ISO^C, 
calculated  with  the  „  1  “  order  +  autocatalytic"  model 


T/'C 


kL/(1/min) 


lcML/(1/min) 


correl.coeff. 


160 

170 

175 

180 


7.3108  E-6 
1 .9450  E-5 
2.6188  E-5 
6.8665  E-5 


2.5639  E-3 
8.7134  E-3 
1 .5603  E-2 
2.4130  E-2 


0.99983 

0.99991 

0.99992 

0.99997 


Ea'wL  !  (kJ/mol) 
Z'ml  /(1/s) 
lg(Z'ML[1/s]) 
correl.coeff. 


172  +  26 
6.527  E+13 
13.8±3 
0.9781 


185±7 
9.740  E+17 
18.0  +  0.8 
0.9985 


145-14 


Correlation  coefficients  close  to  1  indicate  the  good  description  of  the  experimental 
data  by  the  model.  Therefore,  one  can  conclude  that  the  thermal  decomposition  of 
HNiW  is  autocatalyticly  accelerated.  The  activation  energies  of  the  two  reaction  rate 
constants  are  172  kJ/mol  and  185  kJ/mol.  These  values  are  lower  compared  with 
activation  energies  for  the  decomposition  of  RDX  and  HMX  found  in  the  literature  [12]. 
The  reported  values  are  198  kJ/mol  and  220  kJ/mol  for  RDX,  respectively  HMX  for  their 
decomposition  in  the  liquid  state,  evaluated  by  first  order  kinetics  only.  It  is  assumed 
that  the  values  for  their  solid  state  decomposition  are  somewhat  higher.  In  [10] 
Arrhenius  parameters  of  the  decomposition  of  HNIW  in  solution  of  acetone  (1  mass  %) 
are  given:  Z  =  4  E+17  1/s  and  Ea  =  177  kJ/mol.  The  temperature  range  was  ^46°C  to 
226°C.  Again  only  a  first  order  kinetics  was  applied.  Even  lower  values  of  the  activation 
energy  have  been  reported  by  Brill  [8],  about  150  to  160  kJ/mol. 

Due  to  the  significant  higher  preexponential  factor  the  autocatalytic  reaction  is 
dominating  the  unimolecular  decomposition  in  solid  HNIW.  The  correlation  coefficient 
for  the  calculation  of  the  Arrhenius  parameters  is  somewhat  smaller  in  the  case  of  the 
unimolecular  decomposition  than  in  the  case  of  the  autocatalytic  reaction  (Tab.  4). 
Reasons  herefore  could  be: 

•  influence  of  the  solid-solid  phase  transition 

•  chemical  impurities  of  HNIW 

•  influence  of  particle  size 

First  results  obtained  from  isothermal  TGA  measurements  on  small  particle  size  e-HNIW 
fractions  and  purified  material  seem  to  confirm  this  interpretation. 
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Abstract 

Heats  of  formation  of  energetic  materials  can  be  obtained  either  experimentally  or 
theoretically.  In  order  to  compare  the  results  of  the  two  method,  a  correlation  method 
is  proposed  in  this  study.  The  molecular  structures  and  heats  of  formation  of 
nitrobenzenes  and  nitrotoluenes  were  calculated  by  Dewar’s  AMI  and  Stewart’s  PM3 
methods.  Correlation  for  heat  of  formation  between  the  theoretical  calculations  and 
experimental  results  was  evaluated  by  the  weighted  least  square  multivariable  method. 
Results  indicate  that  there  are  very  precise  correlations.  Based  on  these  correlations, 
the  heat  of  formation  of  some  aromatic  nitro  compounds  can  be  predicted  without 
experimental  analysis.  The  PM3  method  provides  a  better  results  than  the  AMI  method 
because  of  its  better  calculation  of  the  molecular  structure.  The  weighted  least  square 
multivariable  fitting  to  theoretical  gas-phase  and  experimental  crystal  heats  of 
formation  for  nitrobenzenes  and  nitrotoluenes  is  also  presented.  From  these  results, 
heat  of  sublimation  can  be  predicted  theoretically. 


Introduction 

Aromatic  nitro  compounds  are  widely  used  in  various  fields,  especially  explosives 
and  these  compounds  are  generally  classified  as  secondary  explosives  [1,2].  For 
example,  2,4,6-trinitrotoluene  (TNT),  2,4,6-trinitroaniline  (TNA),  and  2,4,6- 
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trinitrophenol  (TNP)  are  well  known  for  use  in  ammunitions.  In  order  to  investigate  the 
characteristic  of  an  explosive,  the  heat  of  formation  is  indispensable.  There  are  two 
ways  to  determine  the  heat  of  formation  ;  experimentally  or  theoretically.  Heat  of 
formation  can  be  experimentally  determined  by  using  an  adiabatic  calorimeter,  and  this 
process  is  described  in  any  physical  chemistry  textbook.  Recently,  a  reduced  pressure 
differential  scanning  calorimeter  has  been  applied  for  use  with  nitro  derivatives  of 
benzene  and  toluene  for  estimating  heat  of  formation  [3].  However,  certain  aromatic 
nitro  compounds  are  difficult  to  synthesis  and  some  of  them  are  highly  unstable.  Hence, 
it  would  be  useful  to  develop  a  reliable  theoretical  means  to  calculate  the  heat  of 
formation  of  energetic  materials.  If  the  theoretical  calculations  and  experimental  data 
have  a  reliable  degree  of  correlation,  some  highly  unstable  and  difficult  to  synthesize 
explosives  can  be  analyzed  and  that  data  would  be  useful  to  study  the  properties  of 
those  explosives. 

Various  theoretical  methods  have  been  selected  to  calculate  the  heat  of  formation 
of  a  molecule.  Among  them,  the  semi-empirical  and  ab  initio  methods  are  the  most 
commonly  used.  Although  the  ab  initio  approaches  can  calculate  the  heat  of  formation 
of  a  molecule,  they  only  apply  to  “small  to  medium  size”  systems  [4-11].  Furthermore, 
in  order  to  develop  a  precise  ab  initio  calculation,  more  complicated  electron 
correlation  methods  must  be  considered.  Hence,  this  method  can  require  huge  amounts 
of  calculation  time.  Recently,  the  ab  initio  approach  by  using  selection  of  the  isodesmic 
reaction  to  calculate  the  heat  of  formation  for  the  studied  molecule  has  been  reported 
extensively  [11-13].  However,  it  is  difficult  to  find  the  heat  of  formation  for  some 
reactants  or  the  products  of  the  isodesmic  reaction  for  an  aromatic  nitro  compound. 

Semi-empirical  methods  are  especially  designed  to  obtain  heat  of  formation  of 
chemical  systems  [14-20].  In  spite  of  their  usefulness  and  their  low  computational  cost. 
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semi-empirical  methods  have  some  drawbacks.  However,  most  of  these  problems  can 
be  corrected  by  an  “ad  hoc”  correction  to  the  semi-empirical  heat  of  formation,  adding 
-9  kcal/mol  to  the  AMI  and  3.5  cal/mol  to  the  PM3  heat  of  formation  for  each  adjacent 
lone  pair-lone  pair  repulsion  of  nitro  substituted  compounds  [21].  Successive  NO2 
substitution  in  a  given  skeleton  presumably  will  require  additional  corrections,  thus 
favoring  the  continued  use  of  the  additive  models  are  still  in  use  [22,23], 

The  scope  of  this  study  develops  semi-empirical  calculations  of  the  heat  of 
formation  of  aromatic  nitro  compounds  in  various  phases  by  selecting  the  AMI  [24]  and 
PM3  [25,26]  levels.  Firstly,  we  choose  the  families  of  nitrobenzenes  and  nitrotoluenes 
to  calculate  their  geometries  and  heat  of  formation.  Secondly,  a  weighted  least  square 
multivariable  fitting  of  the  experimental  heat  of  formation  to  theoretical  heat  of 
formation  in  each  system  is  applied.  Finally,  the  corrected  heat  of  formation  of  the  most 
stable  conformer  of  the  discussed  molecules  are  presented,  including  those  whose 
experimental  results  are  not  available. 

Computational  Aspects 

The  Spartan  version  4.1  software  package  [27]  was  selected  as  the  tool  for 
calculation  of  the  molecular  structures  and  heat  of  formation  of  33  benzene  and  toluene, 
as  well  as  their  nitro  isomers.  The  molecular  geometries  of  all  isomers  are  fully 
optimized  at  the  semi-empirical  AMI  and  PM3  theoretical  levels  of  theory  without  any 
sort  of  geometrical  restrictions.  Second  derivatives  were  calculated  by  verifying  the 
vibrational  frequencies  so  that  a  local  minimum  was  be  located  for  each  molecule. 

Correlation  of  heats  of  formation  between  the  theoretical  and  experimental  results 
was  performed  by  a  statistical  SPSS  version  7.0  software  [28],  considering  the  number 
and  the  position  of  the  nitro  groups.  From  the  scatter  diagram  of  the  experimental  heats 
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of  formation  against  the  number  of  C-NO2,  a  piecewise  linear  regression  model  is 
proposed.  For  inference  in  regression  analysis,  the  weighted  least  square  (WLS) 
method  was  selected  and  the  fitted  model  was  obtained.  After  analyzing  the  process  of 
the  fitted  model,  a  95%  predictive  interval  was  found,  thus  giving  a  prediction  for  the 
heat  of  formation  for  aromatic  nitro  compounds  whose  experimental  value  is  unknown. 

Results  and  Discussion 
1  .Molecular  geometries 

Fig.  1  presents  the  geometry  of  thirteen  nitrobenzene  isomers,  and  significant  bond 
lengths,  bond  angles,  and  dihedral  angles  are  listed  in  Table  1.  For  nitrobenzene,  AMI 
and  PM3  give  the  excellent  agreement  with  the  experimental  results  [29-31].  It  is 
generally  accepted  that,  because  of  the  inductive  and  resonance  effects,  the  nitro  group 
is  coplanar  with  the  phenyl  ring.  However,  when  two  or  more  groups  are  held  close 
together,  steric  effect  must  be  considered.  In  order  to  avoid  steric  crowding,  distortion 
of  the  nitro  group  is  necessary.  Hence,  we  observe  that  nitrobenzene,  1,3- 
dinitrobenzene,  1,4-dinitrobenzene,  1,3,5-trinitrobenzene  are  planar  molecules,  but  the 
other  isomers  are  nonplanar  molecules  and  the  distortion  angles  of  these  nitro  groups 
are  listed  in  Table  1.  The  nitro  groups  of  1,2-dinitrobenzene  are  distorted  at  37.2°  and 
38.7°  (AMI)  and  47.7°  and  47.2°  (PM3),  respectively  to  the  same  direction  from  the 
plane  of  the  phenyl  ring,  while  the  experimental  values  were  both  in  31.1°  [32].  In  the 
hexanitrobenzene  molecule,  the  six  nitro  groups  are  distorted  at  53°  to  the  same 
direction  as  determined  experimentally  [16].  However,  the  six  distortional  angles  of  the 
nitro  groups  are  52.8°,  52.9°,  52.5°,  52.8°,  52.8°,  and  52.5°,  respectively  for  AMI 
method  and  54.8°,  55.1°,  54.4°,  55.1°,  54.9°,  and  54.6°,  respectively  for  PM3  method. 
Those  distortions  are  also  the  same  directions  from  the  plane  of  phenyl  ring. 
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The  0-0  distance  between  the  neighboring  nitro  groups  is  essential  to  determine 
whether  the  calculated  geometry  represents  a  true  molecule.  For  example,  as  shown  in 
Fig.  2,  if  the  O9  and  On  atoms  are  held  closely,  a  bonding  is  expected  to  exist  between 
them  and  a  cyclic  molecule  can  be  obtained,  although  this  cyclic  molecule  also  has  a 
local  minimum.  Hence,  it  is  necessary  to  carefiilly  examine  all  0-0  bonds.  To  prevent 
formation  of  a  cyclic  molecule,  the  0-0  bond  must  more  than  twice  the  length  of  the 
oxygen’s  Van  der  Waals  radius.  All  the  0-0  distances  between  the  neighboring  nitro 
groups  are  listed  in  Table  1,  indicating  that  these  distance  are  significant.  Therefore,  the 
molecules  studies  are  not  cyclic. 

No  further  discussion  of  nitrotoluenes  is  given  here  because  the  ab  initio  study  of 
their  geometries  have  been  extensively  reported  by  us  [33-39]. 

2.Heats  of  formation 

Theoretical  AMI  and  PM3  calculations  of  heats  of  formation  of  nitrobenzenes  and 
nitrotoluenes  in  gaseous  phase  are  listed  in  Table  2.  Plotting  AMI  and  PM3  calculated 
heats  of  formation  versus  the  experimental  values,  no  correlation  was  found  because 
the  coefficient  of  correlation  is  0.422  in  both  methods.  De  Paz  et  al.  [21]  have 
corrected  the  relationships  for  nitrobenzenes  and  nitrotoluenes  by  estimating  the  lone 
pair-lone  pair  repulsion  proximity  effects.  They  observed  that  the  best  regression 
coefficients  were  obtained  at  the  AMI  and  PM3  levels  corresponding  to  the  correction 
for  each  C-NO2  group  of  -9  kcal/mol  and  3.5  kcal/mol,  respectively.  However,  since 
their  model  lacks  regression  diagnosis  and  prediction  intervals,  its  reliability  is 
questionable.  Hence,  further  study  is  necessary.  In  this  study,  we  use  the  weighted  least 
square  multivariable  fitting  for  the  experimental  and  theoretical  values  and  consider  the 
number  of  the  nitro  group  in  order  to  find  a  proper  regression  model.  Furthermore,  the 
prediction  interval  for  the  experimental  values  is  proposed. 
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The  scatter  diagram  of  the  experimental  heats  of  formation  in  gaseous  phase  for 
nitrobenzene  against  the  number  of  nitro  group  is  presented  in  Fig.  3.  From  this  figure, 
a  “piecepwise”  regression  must  be  selected  instead  of  “simple”  linear  regression.  Hence, 
we  consider  the  regression  models  (1)  and  (2)  and  obtain  the  fitted  model  (3)  and  (4)  by 
least  square  method. 

AMlAH((exp)=Po+3i  (AMlAHf)+P2n+33(n-l)m+B  (1) 

PM3AHf{exp)=Po+3i  (PM3AHf)+P2n+P3(n-l)m+8  (2) 

where  Po,  Pi,  Pa,  and  P3  are  undetermined  parameters 

n  =  number  of  C  -  NO^ 

fl  ,  n>l 

m  = 

[0  ,  otherwise 

8  is  a  random  error  term  obeying  normal  distribution  N(0,  o^) 

AMlAHKexp)=-5.677+1.185  (AMlAHf)-8.593n-3.076(n-l)m  (3) 

PM3AHf{exp)=-3.222+1.019  (PM3AHf)+3.821n-0.368(n-l)m  (4) 

Assessing  the  fitted  models,  the  coefficient  of  multiple  determination  and  the 
adjusted  coefficient  of  multiple  determination  Ra^  are  0.980,  0.960  (AMI)  and  0.974, 
0.948  (PM3),  respectively.  Fig.  4  gives  a  SPSS  residual  plot  against  the  fitted  values 
and  tends  to  be  of  the  “megaphone”  type.  This  suggests  that  error  terms  have 
nonconstant  variance  and  the  error  variance  decreases  with  the  fitted  values.  To  make 
the  variances  of  the  error  terms  more  nearly  equal,  the  WLS  is  selected  to  fit  the 
regression  models  and  the  fitted  equations  are  presented  in  (5)  and  (6). 

AMlAHf{exp)=-6.572+1.204  (AMlAHf)-7.921n-4.398(n-l)m  (5) 

and 

PM3AHf{exp)=-2.825+1.039  (PM3AHf)+3.810n-0.468(n-l)m  (6) 

After  examing  the  aptness  of  the  models  (5)  and  (6) ,  we  note  that  R^  and  Ra^  are  0.999 
(AM1,PM3)  and  0.998(AM1),  0.997(PM3)  in  both  and  methods,  respectively.  The  p- 
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value  of  the  F-test  is  0.000,  which  is  less  than  significant  level  0.05.  The  above  results 
show  that  there  exists  a  good  regression  relationship  between  the  response  and 
explanatory  variables.  Moreover,  the  Durbin-Watson  statistics  are  2.124  (AMI)  and 
1.990  (PM3);  the  residuals  are  randomly  around  the  base  line  0,  and  the  normal 
probability  plot  is  nearly  linear.  Those  values  suggest  that  there  is  an  agreement  with 
normality  and  independence  of  error  terms.  Finally,  we  proposed  the  predictions  and 
95%  predictive  intervals  for  AMI  and  PM3  methods  for  all  nitrobenzenes  and 
nitrotoluenes,  as  given  in  Tables  2  by  using  models  (5)  and  (6). 

Similar  statistical  regressions  are  selected  to  study  the  AMI  and  PM3  heats  of 
formation  of  nitrobenzenes  and  nitrotoluenes  in  condensed  phase  and  the  fitted 
equations  and  data  are  given  in  Equations  (7)  and  (8)  and  Table  3. 

AMlAHKexp)=-16.083+1.197(AHfAMl)-12.987n-1.335(n-l)m  (7) 
and 

PM3AHKexp.)=-13.722+1.036  (AHf  PM3)-0.408n+1.356(n-l)m  (8) 

When  the  previous  fitting  model  was  selected,  there  are  unreasonable  heats  of 
formation  of  3,4-dinitrotoluene,  2,3,4-trinitrotoluene  and  2,4,6-trinitrotoluene  were 
found.  And  the  Ra^  only  have  0.649  (AMI)  and  0.640  (PM3).  Similar  results  were  also 
reported  by  De  Paz  et  al.  [21].  Since  the  nitro  groups  of  these  molecules  are  held  close 
together,  the  steric  effect  may  play  an  important  role  to  affect  the  prediction  of  their 
heats  of  formation.  Hence,  the  steric  effect  must  be  considered  and  we  included  an 
variable  which  is  the  number  of  nitro  groups  are  held  together,  and  used  WLS  to  fit 
regression  model.  A  multivariant  fitting  model  can  be  obtained  : 

AMI AHi(exp)=-l  1.820+0.963  (AHf  AMl)-12.347n-1.429(n-l)m+4.840I  (9) 

and 

PM3AHf(exp.)=-10.278+0.853  (AHf  PM3)-2.189n+0.858(n-l)m+4.747I  (10) 
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N  =  numberofC-NOj 

where 

I  =  the  number  of  nitro  groups  are  held  close  together 

Because  there  exists  serious  collinearity  in  models  (9)  and  (10),  we  consider  their 
reduced  model  and  conclude  the  reduced  models,  which  are  given  by  (1 1)  and  (12),  by 
F-test. 

AMlAHKexp)=-10.412+0.965  (AHf  AMl)-13.786n+4.882I  (1 1) 

and 

PM3AHKexp.)=-10,858+0.865  (AHfPM3)-1.524n+4.837I  (12) 

Statistical  analysis,  such  as  R^=  0.993  (AMI),  0.997  (PM3),  residual,  and  normal 
plots,  suggest  that  the  above  models  are  reasonable  and  suitable.  In  Table  4,  the 
corresponding  fitted  values  and  95%  predictive  intervals  are  illustrated.  Especially 
notable  is  that  the  estimated  heats  of  formation  in  crystal  phase  of  3,4-dinitrotoluene, 
2,3,4-trinitrotoluene  and  2,4,6-trinitrotoluene  were  -3.808,  2.463  and  -11.773  (AMI), 
and  -4.492,  3.602  and  -12.527  (PM3),  respectively.  These  results  are  superior  to  the 
values  predicted  by  De  Paz  et  al.[21]. 

Conclusion 

The  molecular  structures  of  33  nitrobenzene  and  nitrotoluene  isomers  were 
calculated  by  AMI  and  PM3  semi-empirical  methods.  Calculated  geometries  were 
found  to  be  similar  to  experimental  data.  The  deformation  of  the  benzene  ring  is 
affected  by  the  substituted  groups  and  the  distortional  angle  of  the  substitute  groups  is 
affected  by  the  steric  effect.  The  weighted  least  square  multivariable  fittings  on  the 
calculated  heats  of  formation  by  either  the  AMI  or  the  PM3  approach  against  the 
experimental  approaches  were  presented.  For  the  correlation,  the  number  and  position 
of  the  nitro  groups  were  considered.  After  finishing  these  fittings,  there  is  a  95% 


146  -  9 


predictive  interval  in  each  fitting.  Based  on  these  precise  correlations,  the  heats  of 
formation  of  some  aromatic  nitro  compounds  for  which  experimental  data  are  not 
available,  can  be  predicted  and  these  values  are  usefiil  to  study  the  properties  of 
explosives. 
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Table  1  Some  geometry  parameters  of  nitronenzenes 


parameter 

nitrobenzene 

1,2-dinitrobenzene 

1,3-dinitrobenzene 

AMI 

PM3 

AMI 

PM3 

AMI 

PM3 

Cl-Xl 

1.487 

1.497 

1.495 

1.516 

1.490 

1.505 

C2-X2 

1.103 

1.099 

1.495 

1.516 

1.109 

1.105 

C3-X3 

1.101 

1.096 

1.105 

1.100 

1.490 

1.505 

Y2-Y3 

- 

- 

2.689 

3.042 

- 

- 

C2-C1-C6 

121.0 

119.8 

119.7 

119.6 

121.3 

120.1 

C1-C2-C3 

119.0 

119.8 

119.8 

119.6 

118.1 

119.6 

C2-C3-C4 

120.4 

120.3 

119.9 

120.4 

121.3 

120.1 

X1-C1-C6-C2 

180.0 

180.0 

-178.7 

178.4 

180.0 

180.0 

Y1-X1-C1-C6 

-0.4 

0.6 

-37.2 

47.7 

0.3 

0.8 

X2-C2-C1-C3 

180.0 

180.0 

178.6 

-178.3 

180.0 

180.0 

Y3-X2-C2-C1 

- 

- 

-38.7 

47.2 

- 

- 

Y5-X3-C3-C2 

_ 

_ 

0.5 

-1.3 

(continue) 

parameter 

1,4-dinitrobenzene 

1 ,2,3,-trinitrobenzene 

1 ,2,4-trinitrobenzene 

AMI 

PM3 

AMI 

PM3 

AMI 

PM3 

Cl-Xl 

1.492 

1.508 

1.499 

1.523 

1.500 

1.526 

C2-X2 

1.105 

1.100 

1.505 

1.540 

1.499 

1.523 
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C3-X3 

1.105 

1.110 

1.499 

1.523 

1.110 

1.105 

C4-X4 

1.492 

1.508 

1.199 

1.208 

1.495 

1.514 

Y2-Y3 

- 

- 

2.793 

3.026 

2.695 

3.049 

Y4-Y5 

- 

- 

2.792 

3.036 

- 

- 

C2-C1-C6 

121.2 

119.9 

120.5 

120.3 

120.0 

119.7 

C1-C2-C3  ^ 

119.4 

120.1 

118.7 

119.0 

120.0 

119.8 

C2-C3-C4 

119.4 

120.1 

120.5 

120.3 

119.0 

120.1 

C3-C4-C5 

121.2 

119.9 

119.9 

'  120.2 

121.3 

120.1 

X1-C1-C6-C2 

180.0 

180.0 

179.4 

-178.9 

-178.8 

178.4 

Y1-X1-C1-C6 

0.0 

-1.0 

36.8 

-42.0 

-39.8 

50.9 

X2-C2-C1-C3 

180.0 

180.0 

180.0 

180.0 

178.9 

-178.6 

Y3-X2-C2-C1 

- 

- 

53.0 

-59.3 

-37.5 

45.4 

X3-C3-C2-C4 

180.0 

180.0 

179.4 

178.8 

-179.8 

179.8 

Y5-X3-C3-C2 

- 

- 

38.5 

-44.6 

- 

- 

X4-C4-C3-C5 

180.0 

180.0 

179.9 

-179.8 

179.8 

-179.8 

Y7-X4-C4-C3 

_QJ _ 

_ 

. 

-1.4 

1.4 

(continue) 


parameter 

1,3,5  -trinitrobenzene 

AMI  PM3 

1 ,2,3,4-tetranitrobenzene 

AMI  PM3 

1 ,2,3,5-tetranitrobenzene 

AMI  PM3 

Cl-Xl 

1.493 

1.513 

1.503 

1.532 

1.503 

1.530 

C2-X2 

1.111 

1.106 

1.509 

1.545 

1.510 

1.550 

C3-X3 

1.493 

1.513 

1.509 

1.545 

1.503 

1.530 

C4-X4 

1.111 

1.106 

1.503 

1.532 

1.112 

1.106 

C5-X5 

1.493 

1.513 

1.108 

1.101 

1.498 

1.520 

Y2-Y3 

- 

- 

2.860 

3.015 

2.796 

3.029 

Y4-Y5 

- 

- 

2.589 

3.031 

2.795 

3.029 

Y6-Y7 

- 

- 

2.881 

3.016 

- 

- 

C2-C1-C6 

121.6 

120.4 

120.4 

120.2 

120.8 

120.5 

C1-C2-C3 

118.4 

119.6 

119.5 

119.7 

118.9 

119.1 

C2-C3-C4 

121.6 

120.4 

119.5 

119.7 

120.8  . 

120.5 

C3-C4-C5 

118.4 

119.6 

120.4 

120.2 

119.0 

120.0 

C4-C5-C6 

121.6 

120.4 

120.1 

120.2 

121.4 

120.0 

C1-C6-C5 

120.1 

120.2 

119.0 

120.0 

X1-C1-C6-C2 

180.0 

180.0 

-179.9 

-178.6 

-179.6 

-179.1 

Y1-X1-C1-C6 

0.0 

0.3 

33.9 

-45.5 

-36.5 

-42.5 

X2-C2-CI-C3 

180.0 

180.0 

-177.7 

179.6 

180.0 

180.0 

Y3-X2-C2-C1 

- 

- 

-57.3 

-55.7 

-54.1 

-60.1 
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X3-C3-C2-C4 

Y5-X3-C3-C2 

X4-C4-C3-C5 

Y7-X4-C4-C3 

X5-C5-C4-C6 

Y9-X5-C5-C4 

180.0 

0.0 

180.0 

180.0 

-0.5 

180.0 

-0.2 

180.0 

180.0 

-0.6 

-177.8 

-60.8 

-179.9 

-37.0 

-179.3 

-179.0 

-55.8 

178.5 

-47.1 

-179.5 

179.6 

-38:3 

-179.9 

180.0 

-2  5 

179.0 

-43.7 

180.0 

180.0 

-15.2 

(continue) 

parameter 

1,2,4,5-tetranitrobenzene 

AMI  PM3 

t,2,3,4,5-penlanitrobenzene 

AMI  PM3 

1,2,3,4,5,6-hexanitrobenzene 

AMI  PM3 

Cl-Xl 

1.503 

1.532 

1.507 

1.538 

1.517 

1.560 

C2-X2 

1.503 

1.532 

1.513 

1.555 

1.517 

1.560 

C3-X3 

1.110 

1.105 

1.514 

1.551 

1.517 

1.560 

C4-X4 

1.503 

1.532 

1.513 

1.555 

1.517 

1.560 

C5-X5 

1.503 

1.531 

1.507 

1.538 

1.517 

1.560 

C6-X6 

1.111 

1.105 

1.113 

1.106 

1.517 

1.560 

Y2-Y3 

2.692 

3.036 

2.791 

3.007 

2.902 

2.996 

Y4-Y5 

- 

- 

2.893 

3.014 

2.899 

2.995 

Y6-Y7 

- 

- 

2.893 

3.015 

2.898 

2.997 

Y8-Y9 

2.683 

3.027 

2.792 

3.007 

2.901 

2.998 

YlO-Yll 

- 

- 

- 

- 

2.898 

2.995 

Y12-Y1 

- 

- 

- 

- 

2.897 

2.993 

C2-C1-C6 

120.0 

119.7 

120.6 

120.1 

120.0 

120,0 

C1-C2-C3 

120.0 

119.6 

119.4 

119.5 

120.0 

120.0 

C2-C3-C4 

119.8 

120.7 

120.2 

120.3 

120.0 

120.0 

C3-C4-C5 

120.0 

119.7 

119.4 

119.5 

120.0 

120,0 

C4-C5-C6 

120.0 

119.6 

120.6 

120.1 

120.0 

120,0 

C1-C6-C5 

119.9 

120.6 

119.8 

120.4 

120.0 

120.0 

X1-C1-C6-C2 

-179.1 

-178.8 

179.7 

179.1 

180.0 

180.0 

Y1-X1-C1-C6 

-37.4 

-47.3 

36.1 

42.6 

-52.8 

-54.8 

X2-C2-C1-C3 

179.1 

178.8 

-179.5 

-179.8 

180.0 

180.0 

Y3-X2-C2-C1 

-38.8 

-47.0 

52.6 

52.2 

-52.8 

-55.1 

X3-C3-C2-C4 

180.0 

180.0 

180.0 

180.0 

180.0 

180.0 

Y5-X3-C3-C2 

- 

- 

53.3 

53.9 

-52.5 

-54.4 

X4-C4-C3-C5 

-179.2 

178.8 

179.6 

179.8 

180.0 

180.0 

Y7-X4-C4-C3 

-37.6 

-47.3 

53.2 

57.2 

-52.8 

-55,1 

X5-C5-C4-C6 

179.1 

178.8 

-179.6 

-179.0 

180.0 

180.0 

Y9-X5-C5-C4 

-38.1 

-46.4 

38.0 

44.1 

-52.8 

-54.9 
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180.0  180.0 


X6-C6-C5-C1  180.0  180.0  180.0  180.0 

Yll-X6-r6-C5  - _ :: _ :: _ :: _ -52.5  -54.6 


Table  2  Heats  of  formation  of  various  nitro  derivatives  of  benzene  and  toluene  in 

gaseous  phase  from  model  (5),(6) _ 

_ Exp.  AMKcal. )  PredicKAMl)  PM3(cal. )  Predict(PM3) 


Benzene 

19.81 

22.022 

19.942 

23.453 

21.543 

Nitrobenzene 

16.1 

25.292 

15.959 

14.535 

16.087 

1,2-dinitrobenzene 

20.2 

38.609 

19.673 

15.228 

20.149 

1,3-dinitrobenzene 

11.3 

33.132 

13.079 

9.128 

13.811 

1,4-dinitrobenzene 

13.3 

33.289 

13.268 

10.134 

14.856 

1,2,3-trinitiDbenzene 

53.912 

25.779 

18.222 

26.602 

1 ,2,4-trinitrobenzene 

50.026 

21.1 

13.176 

21.359 

1 ,3,5-trinitrobenzene 

14.9 

44.875 

14.898 

6.941 

14.881 

1,2,3,4-tetranitrobenzene 

73.88 

37.502 

23.962 

35.908 

1 ,2,3,5-tetranitrobenzene 

68.337 

30.828 

18.301 

30.026 

1,2,4,5-tetranitrobenzene 

69.391 

32.097 

18.886 

30.634 

1,2,3,4,5-pentanitiobenzene 

92.441 

47.53 

31.271 

46.844 

1,2,3,4,5,6-hexanitrobenzene 

117.233 

65.061 

45.788 

65.269 

Toluene 

11.99 

14.41 

10.778 

14.09 

11.815 

o-nitrotoluene 

9.3 

18.919 

8.285 

8.001 

9.298 

m-nitrotoluene 

4.1 

17.593 

6.689 

5.071 

6.254 

p-nitrotoluene 

7.4 

17.249 

6.275 

4.682 

5.85 

2,3-dinitrotoluene 

31.776 

11.446 

8.024 

12.664 

2,4-dinitrotoluene 

4.7 

26.196 

4.728 

2.025 

6.431 

2,5-dinitrotoluene 

26.729 

5.37 

3.027 

7.472 

2,6-dinitrotoluene 

9.6 

30.105 

9.434 

6.382 

10.958 

3,4-dinitrotoluene 

30.455 

9.856 

5.29 

9.823 

3,5-dinitrotoluene 

25.297 

3.646 

-0.387 

3.925 

2,3,4-trinitrotoluene 

46.593 

16.967 

10.815 

18.906 

2,3,5-trinitrotoluene 

42.914 

12.537 

5.652 

13.541 

2,3,6-trinitrotoluene 

45.963 

16.208 

9.812 

17.864 

2,4,5-trinitrotoluene 

42.83 

12.436 

5.642 

13.531 

2,4,6-trinitrotoluene 

12.3 

41.222 

10.5 

3.356 

11.156 

3,4,5-trinitrotoluene 

45.623 

15.799 

8.147 

16.134 

2,3,4,5-tetranitrotoluene 

64.451 

26.149 

16.248 

27.893 

2,3,4,6-tetranitrotoluene 

63.778 

25.339 

14.739 

26.325 

2,3,5,6-tetranitrotoluene 

65.04 

26.858 

15.47 

27.084 

2,3,4,5,6-pentanitrotoluene 

87.265 

41.298 

27.95 

43.393 
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Table  3  Heats  of  formation  of  various  nitro  derivatives  of  benzene  and  toluene  in 
condense  phase  from  model  (7), (8) _ 


Exp.  CaKAMl)  Predict(AMl)  Cal.(PM3)  Predict(PM3) 


Benzene 

10.130 

22.022 

10.288 

23.453 

10.581 

Nitrobenzene 

0.200 

25.292 

1.216 

14.535 

0.932 

1.2-dinitrobenzene 

-0.430 

38.609 

2.840 

15.228 

2.599 

1,3-di  nitrobenzene 

-6.023 

33.132 

-3.719 

9.128 

-3.723 

1.4-di  nitrobenzene 

-9.230 

33.289 

-3.531 

10.134 

-2.680 

1, 2, 3-tri  nitrobenzene 

53.912 

6.842 

18.222 

6.649 

1, 2, 4-tri  nitrobenzene 

6.800 

50.026 

2.189 

13.176 

1.420 

1,3,5-trinitrobenzene 

-8.481 

44.875 

-3.979 

6.941 

-5.041 

1 ,2,3,4-tetranitrobenzene 

73.880 

16.430 

23.962 

13.545 

1 ,2,3,5-tetranitrobenzene 

68.337 

9.793 

18.301 

7.679 

1 ,2,4,5-tetranitrobenzene 

69.391 

11.055 

18.886 

8.285 

1 ,2,3,4,5-pentanitroben2ene 

92.441 

24.334 

31.271 

22.067 

1 ,2,3,4,5,6-hexanitrobenzene 

117.233 

39.699 

45.788 

38.059 

Toluene 

1.330 

.  14.410 

1.173 

14.090 

0.879 

o-nitrotoluene 

-0.400 

18.919 

-6.416 

8.001 

-5.839 

m-nitrotoluene 

-6.000 

17.593 

-8.003 

5.071 

-8.875 

p-nitrotoluene 

-11.500 

17.249 

-8.415 

4.682 

-9.278 

2,3-dinitrotoluene 

-3.806 

31.776 

-5.342 

8.024 

-4.867 

2,4-dinitrotoluene 

-16.298 

26.196 

-12.024 

2.025 

-11.083 

2,5-dinitrotoluene 

-8.195 

26.729 

-11.386 

3.027 

-10.045 

2,6-dinitrotoluene 

-10.489 

30.105 

-7.343 

6.382 

-6.568 

3,4-dinitrotoluene 

-3.496 

30.455 

-6.924 

5.290 

-7.700 

3,5-dinitrotoluene 

-10.398 

25.297 

-13.100 

-0.387 

-13.582 

2,3,4-trinitrotoluene 

3.611 

46.593 

-1.922 

10.815 

-1.026 

2,3,5-trinitrotoluene 

-5.496 

42.914 

-6.327 

5.652 

-6.376 

2,3,6- trinitrotoluene 

-3.997 

45.963 

-2.676 

9.812 

-2.066 

2,4,5-trinitrotoluene 

-3.702 

42.830 

-6.428 

5.642 

-6.387 

2,4,6-trinitrotoluene 

-14.194 

41.222 

-8.354 

3.356 

-8.756 

3,4,5-trinitrotoluene 

-1.204 

45.623 

-3.084 

8.147 

-3.791 

2,3,4,5-tetranitrotoluene 

64.451 

5.140 

16.248 

5.552 

2,3,4,6-tetranitrotoluene 

63.778 

4.334 

14.739 

3.988 

2,3,5,6-tetranitrotoluene 

65.040 

5.845 

15.470 

4.746 

2,3,4,5,6-pentanitrotoluene 

87.265 

18.136 

27.950 

18.626 

Table  4  Heats  of  formation  of  various  nitro  derivatives  of  benzene  and  toluene  in 

condense  phase  from  model  (11),(12) _ 

Low  limit  of  Up  limit  of  Low  limit  of  Up  limit  of 

Predict(AMl)  95%  predict  95%  predict  Predict(PM3)  95%  predict  95%  predict 
interval  interval  interval  interval 
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Benzezne 

9.789 

7.639 

11.946 

9.429 

7.364 

11.506 

Nitrobenzene 

-0.212 

-1.834 

1.420 

0.191 

0.038 

0.351 

1,2-dinitrobenzene 

3.522 

-4.389 

11.449 

4.103 

-4.612 

12.827 

1,3-dinitiobenzene 

-6.105 

-6.680 

-5.517 

-6.010 

-6.210 

-5.806 

1,4-dinitrobenzene 

-5.964 

-12.649 

0.734 

-5.140 

-13.805 

3.529 

1,2,3-trinitrobenzene 

9.043 

10.006 

1,2,4-trinitrobenzene 

0.845 

-12.090 

13.801 

0.804 

-12.712 

14.327 

1,3,5-trinitrobenzene 

-8.489 

-8.595 

-8.364 

-9.426 

-11.325 

-7.524 

1,2,3,4-tetranitrobenzene 

18.757 

18.284 

1,2,3,5-tetranitrobenzene 

9.070 

8.550 

1,2,4, 5-tetranitrobenzene 

10.018 

9.056 

1,2,3,4,5-pentanitrobenzene 

27.206 

27.919 

1 ,2,3,4,5,6-hejtanitrobenzene 

41.257 

43.790 

Toluene 

2.946 

0.372 

5.524 

1.330 

1.181 

1.486 

o-nitrotoluene 

-5.942 

-18.532 

6.656 

-5.461 

-15.758 

4.840 

m-nitrotoluene 

-7.134 

-10.465 

-3.796 

-7.996 

-11.642 

-4.347 

p-nitrotoluene 

-7.443 

-15.436 

0.556 

-8.332 

-15.620 

1.042 

2,3-dinitrotoluene 

-2.620 

4.532 

-0.696 

-2.128 

-5.356 

1.104 

2,4-dinitrotoluene 

-12.341 

-20.483 

-4.188 

-12.154 

-21.516 

-2.793 

2,5-dinitrotoluene 

-11.862 

-20.141 

-3.570 

-11.288 

-17.266 

-5.309 

2,6-dinitrotoluene 

-8.827 

-12.103 

-5.538 

-8.386 

-13.135 

-3.633 

3,4-dinitrotoluene 

-3.308 

-5.254 

-2.349 

-4.493 

-6.796 

-2.187 

3,5-dinitrotoluene 

-13.149 

19.549 

-6.738 

-14.241 

-21.566 

-6.916 

2,3,4-trinitrotoluene 

2.463 

-0.732 

5.677 

3.599 

2.028 

5.176 

2,3,5-trinitrotoluene 

-5.548 

-6,068 

-5.011 

-5.704 

-6.615 

-4.791 

2,3,6-trinitrotoluene 

-2.807 

-5.159 

-0.437 

-2.106 

-5.485 

1.279 

2,4,5-trinitrotoluene 

-5.624 

-10.018 

-1.212 

-5.713 

-10.314 

-1.108 

2,4,6-trinitrotoluene 

-11.773 

-17.009 

-6.520 

-12.527 

-16.408 

-8.645 

3,4,5-trinitrotoluene 

1.591 

-3.849 

7.050 

1.291 

-3.008 

5.595 

2,3,4,5-tetranitrotoluene 

10.280 

11.612 

2,3,4,6-tetranitrotoluene 

4.971 

5.469 

2,3,5.6-tetranitrotoluene 

6.106 

6.102 

2,3,4,5,6-pentanitrotoluene 

22.553 

25.047 
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X=  N  or  H  atom,  Y=  O  atom 

Fig.  1 .  The  molecular  structures  of  the  dinitrophenols  and  trinitrophenols 


Hi5  Oi4 


Fig.  2.  A  cyclic  molecule  of  2,3-  dinitrophenol  which  the 
01 1  and  013  atoms  are  bonding 
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Muter  cTritPO  gap 


Fig.3  The  scatter  diagram  of  exp.  heats  of  formation  (gaseous)  for  nitrobenzene  and 
nitrotoluenes  against  the  number  of  nitro  group 


Scatterplot 

□Eperr^  Vferiafcle  hfeat  of  tcmaicn 


•is  20- 


•2-10123 

Rgiessicn  aariiandzBd  looted 


Fig.4  The  SPSS  plot  for  residual  vs.  Predictive  value  from  model  (3) 
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Untersuchung  zur  Stability  und  ReaktivitM  von  reinem 
NTO,  NTO/RDX-  und  NTO/TNT-Gemengen  zur  Beurteilung 
ihrer  sicheren  Verwendung 

Investigation  on  Stability  and  Reactivity  of  NTO  and  the  mix¬ 
tures  NTO/RDX  and  NTO/TNT  to  Assess  Their  Safe  Use 

Manfred  A.  Bohn,  Heike  Pontius,  Stefan  Lobbecke 

Fraunhofer-lnstitut  fiir  Chemische  Technologie  (ICT) 

Postfach  1240,  D-7631 8  Pfinztal-Berghausen,  Germany 

Stephan  Wilker,  Gabriele  Pantel 

Wehrwissenschaftliches  Institut  fur  Werk-,  Explosiv-  und  Betriebsstoffe  (WIWEB) 
AuBenstelle  Swisttal  Heimerzheim 
GroBes  Cent,  D-53913  Swisttal-Heimerzheim,  Germany 


Kurzfassung 

NTO  (3-Nitro-1,2,4-triazol-5-on)  hat  mindestens  ein  als  Proton  abspaltbares  Was- 
sersoffatom  von  zwei  Wasserstoffatomen  gebunden  an  zwei  Ringstickstoffatomen. 
Eine  Unvertraglichkeit  mit  anderen  Explosivstoffen  oder  Kontaktmaterialen  ist  da- 
her  moglich.  Von  den  beiden  Instituten  WIWEB  und  ICT  wurden  in  einer  gemein- 
samen  Untersuchung  Methoden  angewendet,  um  chemische  Reaktionen  zwischen 
NTO  und  RDX  und  zwischen  NTO  und  TNT  aufzudecken,  welche  einen  Einsatz  des 
NTO  in  Sprengladungen  fraglich  werden  lassen  oder  gar  ausschlieBen  konnten. 
Um  Reaktionen  zu  beschleunigen  und  eine  Alterungsabhangigkeit  der  Unvertrag¬ 
lichkeit  zu  erkennen,  wurden  die  Einzelsprengstoffe  und  die  massenbezogenen 
1:1-Mischungen  NTO/RDX  und  NTO/TNT  bei  65,5°C  iiber  zwei  und  vier  Monate  ge- 
altert.  Die  Untersuchungsmethoden  waren:  Thermoanalyse  mit  TGA/DTA  und  DSC, 
isotherme  Warmestrom-Mikrokalorimetrie  gemessen  mit  einem  TAM™,  adiabati- 
sche  Selbstaufheizung  gemessen  mit  einem  ARC™,  Infrarotabsorption,  sowie  Mas- 
senverlust  nach  der  Lagerung  und  eine  Wasserbestimmung  nach  der  Karl-Fischer- 
Methode. 

Mit  den  thermoanalytischen  Methoden  TGA/DTA  und  DSC  konnten  erst  im  Tempe- 
raturbereich  leO'C  bis  220‘’C  chemische  Zersetzungsreaktionen  festgestellt  werden, 
die  Zersetzungsbereiche  lagen  in  der  DSC  noch  hoher.  Die  Probenmengen  waren 
lOmg  bis  20mg  mit  der  TGA/DTA  und  um  0,4mg  mit  der  DSC.  RDX  reagiert  deutlich 
mit  NTO.  Die  isotherm  bei  65,5°C  mit  Einwaagen  von  3g  bis  3,5g  durchgefuhrten 
mikrokalorimetrischen  Warmestrommessungen  lieBen  keine  signifikante  reaktive 
Aktivitat  zwischen  NTO  und  RDX  und  zwischen  NTO  und  TNT  erkennen.  Kleine 
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Warmestrome  im  Bereich  lOOnW/g  bis  200nW/g  warden  gefunden,  welche  aber 
schon  im  Grenzbereich  der  Methode  liegen.  Die  adiabatischen  Selbstaufheizraten 
warden  mit  Probenmengen  von  250mg  bis  400mg  gemessen.  Alle  Anfangstempe- 
raturen  der  Selbstaafheizraten  lagen  zwischen  170°C  and  195°C  and  die  Uber- 
gangstemperataren  zar  Deflagration  lagen  zwischen  15°C  (RDX-Proben)  and  40°C 
(NTO,  TNT)  daruber.  Die  Ergebnisse  zeigen,  daB  sich  die  NTO/RDX-Mischang  RDX- 
kontrolliert  zersetzt  and  die  Selbstaufheizrate  der  Mischang  bei  niedrigeren  Tem- 
perataren  liegt  als  die  der  Einzelkomponenten,  was  eine  erhohte  Reaktivitat  zwi¬ 
schen  NTO  and  RDX  bedeatet.  Die  Zersetzang  der  NTO/TNT-Mischung  ist  NTO- 
kontrolliert,  eine  relative  Reaktivitatszanahme  zwischen  beiden  Komponenten 
macht  sich  uber  200°C  bemerkbar.  IR-Absorption,  Massenverlast  and  die  Wasserbe- 
stimmang  konnten  keine  Unvertraglichkeit  aafzeigen.  Deatliche  Reaktivitaten  zwi¬ 
schen  NTO  and  RDX  and  zwischen  NTO  and  TNT  konnten  somit  erst  bei  Tempera- 
taren  uber  150°C  nachgewiesen  warden.  Allerdings  verfarbten  sich  die  TNT- 
haltigen  Proben  alle,  wobei  die  NTO/TNT-Mischungen  beider  Institute  nach  16  Wo- 
chen  bei  65,5°C  braunlich  verfarbt  and  sinterartig  fest  waren. 


1.  Einleitung 

Das  ICT  and  das  WIWEB  sind  ubereingekommen,  gemeinsam  Fragen  aus  der  Ex- 
plosivstoffchemie  zu  bearbeiten.  Das  erste  ausgewahite  Projekt  dazu  ist  die  Unter- 
suchung  der  Stabilitat  des  NTO  and  seine  Vertraglichkeit  in  Mischungen  mit  Ni- 
traminen,  am  Beispiel  des  RDX,  and  mit  Nitroaromaten,  am  Beispiel  des  TNT.  Dieses 
Thema  wurde  gewahit,  weil  das  NTO  durch  zwei  N-H-Bindungen  an  den  Ringposi- 
tionen  1  and  4,  Abb.  1,  saure  Reaktionen  zeigt,  d.h.  Protonen  H*  abspalten  kann, 
insbesondere  an  der  Ringposition  4.  Abspaltung  des  an  dieser  Stelle  laBt  NTO 
als  Anion  in  Salzen  mit  NH3  and  Metallen  fungieren.  Quantenmechanische  Rech- 
nungen  zeigten,  daB  fur  beide  Wasserstoffatome  energetisch  eine  Abgabe  als  Pro¬ 
ton  in  Frage  kommen  konnte  /I/.  Die  Reaktionen  von  herkommlichen  Sprengstof- 
fen  mit  sauren  Komponenten  oder  sauren  Kontaktmaterialien  ist  noch  nicht  genu- 
gend  untersucht,  um  eine  Unvertraglichkeit  definitiv  ausschlieBen  zu  konnen.  Soll- 
te  sich  NTO  mit  diesen  Referenzsprengstoffen  als  unvertraglich  erweisen,  ware  sei¬ 
ne  Anwendung  in  Munition  and  Sprengladungen  sehr  fraglich. 

H 


Abb.1:  Chemische  Struktur  des  NTO  (3-Nitro-1,2,4-Triazol-5-on,  alternativ 

findet  man  auch  die  Nummerierung  5-Nitro-1,2,4-Triazol-3-on). 

ProtonenQbertragungen  vom  NTO  auf  die  Nitrogruppen  des  TNT  oder  des  RDX 
waren  eine  Moglichkeit,  daB  deren  Nitrogruppen  als  salpetrige  saure  HNOj  bei 
Zeit-Temperatur-Belastungen  abgespalten  werden  konnen  and  somit  eine  Zerset- 
zung  eingeleitet  werden  wurde.  Solche  Reaktionen  warden  fur  TNT  and  andere 
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Nitroaryle  nachgewiesen,  untersucht  bei  Temperaturen  (iber  180°C  111.  Untersu- 
chungen  der  thermischen  Zersetzung  mit  reinem  NTO  und  NTO  in  Mischung  mit 
TNT  warden  schon  durchgefuhrt  /3,4,5/.  Die  Untersuchungstemperaturbereiche 
waren  225°C  bis  245°C  in  /4/  und  220°C  bis  280°C  in  /4,5/.  In  diesen  Untersuchungen 
wird  durch  einen  intermolekularen  Deuterium-Kinetischen-isotopeneffekt  mit  2D- 
NTO  die  These  des  H-Transfers  von  NTO  zu  einer  Nitrogruppe  gestOtzt  Sowohl  er- 
hoht  NTO  die  Zersetzungsrate  des  TNT  als  auch  das  TNT  die  Zersetzungsrate  des 
NTO. 


2.  Untersuchungsmethoden 

Zur  Klarung  der  Frage  einer  moglichen  Unvertraglichkeit  zwischen  Sprengladungs- 
komponenten  mussen  Untersuchungsmethoden  eingesetzt  werden,  welche  eine 
chemische  Zersetzungsaktivitat  zwischen  den  Komponenten  nachweisen  konnen. 
Zudem  muB  die  wahrscheinliche  Einsatzzeit  in  der  Beurteilung  enthalten  sein,  so 
daB  eine  Zeit-Temperatur-Belastung  der  Proben  durchzufuhren  ist.  Urn  im  realisti- 
schen  Belastungsbereich  zu  bleiben,  wurde  als  Alterungstemperatur  65,5°C  ge- 
wahlt  Diese  Temperatur  ist  noch  so  niedrlg,  daB  ein  Schmelzen  des  TNT  ausge- 
schlossen  werden  kann.  65,5°C  (=  150°F)  ist  eine  Standard-Surveillance-Temperatur. 
Die  gewahiten  Lagerzeiten  sind  mit  2  und  4  Monaten  bzw.  8  und  16  Wochen  aus- 
reichend  lang  und  bieten  das  Erkennen  der  Alterungsabhangigkeit  einer  mogli¬ 
chen  Unvertraglichkeit.  Bei  einer  mittleren  Einsatztemperatur  von  25,5°C  errechnet 
sich  mit  einem  Beschleunigungsfaktor  3  pro  10°C  Temperaturanderung  ein  Skalie- 
rungsfaktor  von  81  fQr  die  Extrapolation  von  65,5°C  zu  25,5°C.  Die  zwei  und  vier 
Monate  Alterung  bei  65,5°C  entsprechen  somit  13,5  und  27  Jahren  bei  25,5'C.  In 
derTabelle  1  sind  die  von  beiden  Instituten  durchgefuhrten  Arbeiten  und  Untersu¬ 
chungsmethoden  zusammengestellt. 

Tabelle  1:  Arbeiten  und  verwendete  Untersuchungsmethoden. 


Arbeit  und  Untersuchungsmethode 

ICT 

WIWEB 

Herstellen  (Mischen)  der  Proben 

X 

X 

Alterung  bei  65,5°C  mit  lose  aufgesetztem 
Stopfen  uber  2  und  4  Monate 

X 

X 

DSC  und  TGA/DTA 

X 

X 

Warmestrom-Mikrokalorimetrie  bei  65,5°C 

X 

adiabatische  Selbstaufheizung  mit  ARC 

X 

1  nf  ra  rota  bso  rption 

X 

Massenverlust  nach  Lagerung 

X 

Wassergehalt  nach  Karl-Fischer-Methode 

X 
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3.  Untersuchte  Einzelstoffe,  Mischungen  und  Probenvorbereitung 

Folgende  Einzelsprengstoffe  und  Sprengstoffmischungen  wurden  untersucht,  wo- 
bei  die  Substanzen  so  wie  geliefert  (auBer  derTrockhung)  verwendet  wurden: 

•  NTO 

•  RDX 

•  TNT 

•  1:1-Mischung  NTO  /  RDX 

•  1:1-Mischung  NTO /TNT 

Die  massenbezogenen  1:1-Mischungen  stellte  jedes  Institut  mit  den  bei  ihm  vor- 
handenen  Substanzen  her,  dadurch  konnen  leichte  Unterschiede  wegen  verschie- 
dener  Reinheit  in  die  Ergebnisse  eingehen,  jedoch  ist  damit  die  Beurteilungsbreite 
vergroBert.  Die  Proben  wurden  in  GefaBen  mit  lose  aufgesetztem  Stopfen 
(Lagerglaser  aus  Duranglas  mit  Normschliffstopfen)  fur  zwei  und  vier  Monate  bzw. 
acht  und  sechzehn  Wochen  bei  65,5°C  gelagert.  Die  KorngroBenverteilungen  wa- 
ren  fur  NTO  (200pm  bis  400pm)  und  RDX  (mps  100pm)  vergleichbar.  Damit  befrie- 
digende  Homogenitat  erreicht  wird,  wurden  die  TNT-Schuppen  per  Hand  im 
Achatmorser  verrieben.  Die  ausgelagerten  Proben  wurden  ebenfalls  durch  Verrei- 
ben  im  Achatmorser  zerkleinert  und  homogenisiert,  da  speziell  bei  TNT  und 
NTO/TNT  die  Proben  zusammenbackten.  Die  TNT-Proben  beider  Institute  zeigten 
einen  Schmelzbeginn  nach  DTA  bzw.  DSC  von  etwa  79°C  bzw.  80°C.  Dies  laBt  auf 
leicht  verunreinigtes  TNT  schlieBen,  was  als  Verscharfung  der  Bedingungen  der 
Vertraglichkeitsbeurteilung  zu  sehen  ist. 


4.  Ergebnisse  und  Diskussion 

4.1  Thermoanalyse  mit  TGA/DTA  und  DSC 

Die  unbelasteten  und  belasteten  Sprengstoffe  und  Gemische  wurden  mit  einer 
kombinierten  TGA/DTA-Apparatur  bei  einer  Aufheizrate  von  1  K/min  in  offenen 
Al-Tiegein  mit  Einwaagen  zwischen  lOmg  und  20mg  gepruft.  Bei  den  WIWEB- 
Untersuchungen  sind  die  Gerate  von  Netzsch,  bei  denen  des  ICT  von  Mettler.  Gera- 
te-  und  Versuchsparameter  konnen  den  entsprechenden  Abbildungen  entnommen 
werden.  Die  charakteristischen  Daten  der  Zersetzungen  und  Phasenumwandlun- 
gen  sind  in  den  Thermogrammen  Abb.  2  bis  Abb.  12  angegeben.  Hingewiesen 
wird  nocheinmal  auf  den  relativ  niedrigen  Schmelzpunkt  des  verwendeten  TNT, 
79°C  bei  WIWEB,  Abb.  4,  und  80°C  (Peakmaximum)  bei  ICT. 

Die  Thermogramme  wurden  auf  folgenden  Informationsgehalt  analysiert: 

•  werden  die  Einzelstoffe  durch  die  Lagerung  bei  65,5°C  instabiler? 

•  wird  die  Vertraglichkeit  der  Gemische  durch  die  Lagerung  bei  65,5°C  beeinfluBt? 

Die  thermoanalytischen  Methoden  erlauben  wegen  ihrer  begrenzten  Empfindlich- 
keit  Aussagen  zur  chemischen  Zersetzung  der  Sprengstoffe  erst  bei  Temperaturen 
iiber  150°C.  Zudem  zeigte  sich,  daB  nur  mit  den  TGA-Daten  eine  sinnvolle  Bewer- 
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tung  durchzufuhren  war.  Die  DTA-Temperaturen  des  Beginns  der  exothermen  Zer- 
setzung  sind  als  Bewertungskriterium  in  diesem  Fall  ungeeignet,  da  unter  den  Ver- 
suchsbedingungen  die  Zersetzung  des  TNT  wegen  Verdampfen  nicht  und  die  des 
RDX  erst  in  der  flussigen  Phase  erkennbar  ist.  Folgende  Interpretationstechnik 
wurde  angewendet:  Es  wird  aus  den  TGA-Thermogrammen  die  Temperatur  be- 
stimmt,  welche  als  Ausgangstemperatur  zur  Bestimmung  des  Massenverlusts  ge- 
eignet  ist,  diese  wird  MV-T^f^  genannt.  Sie  wird  bei  den  unbelasteten  Ein- 
zelsprengstoffen  bestimmt  wird.  Von  da  ausgehend  wird  eine  Endtemperatur  MV- 
Tref.E  bestimmt,  bei  der  die  unbelasteten  Sprengstoffe  einen  Massenverlust  von  3% 
erreichen,  siehe  Abb.  2,  3  und  4.  Die  Ergebnisse  der  Auswertung  der  TGA- 
Messungen  an  unbelasteten  und  belasteten  Sprengstoffen  sind  in  der  Tabelle  2 
zusammengefaBt. 

Tabelle  2:  Massenverlustbewertung  der  Zersetzungsneigung  der  unbelasteten 
und  belasteten  Einzelsprengstoffe  mitTGA-Messungen. 


Sprengstoff 

Lagerzeit 
bei  65,5  “C 
[Monate] 

Abb.  -Nr. 

MV-T,ef.A 

[»C] 

MV-T,,,,e 

[°C] 

Massen¬ 

verlust 

I%] 

Dz 

NTO 

0 

2 

179 

219 

3,0 

- 

RDX 

0 

3 

145 

196 

3,0 

- 

TNT 

0 

4 

125 

161 

3,0 

- 

NTO 

4 

179 

219 

1,7 

0,57 

RDX 

2 

145 

196 

2,6 

0,87 

TNT 

4 

125 

161 

3,5 

1,2 

In  der  letzten  Spalte  der  Tabelle  2  ist  die  KenngroBe  Dj  angegeben.  Sie  ist  das  Ver- 
haltnis  der  Massenverluste  der  belasteten  zur  unbelasteten  Probe,  Gl.(1). 


(1) 


Dz  = 


MVb 

MVu 


Dz  wird  groBer  als  1  fur  eine  'Destabilisierung'  oder  eine  Zunahme  der  Zerset¬ 
zungsneigung  durch  die  Alterung  und  kleiner  als  1  fur  formal  gesehen  eine  Redu- 
zierung  der  Zersetzungsneigung  aufgrund  der  Lagerung  bei  65,5°C.  Innerhalb  des 
Methodenfehlers  hat  danach  die  Alterung  bei  RDX  und  TNT  keinen  EinfluB,  wah- 
rend  NTO  scheinbar  etwas  stabiler  wird,  moglicherweise  durch  die  Zersetzung  ei- 
ner  Verunreinigung  oder  durch  Verdampfen  von  Wasser,  welches  NTO  uber  Was- 
serstoffbrucken  binden  kann.  Dadurch  zeigt  bei  65,5°C  gelagertes  NTO  einen  ge- 
ringeren  Massenverlust  als  ungelagertes. 

In  Aniehnung  an  die  STANAG  4147,  Test  2  /6/,  wird  in  dieser  Arbeit  die  Vertraglich- 
keit  zwischen  den  Gemischkomponenten  mit  der  VertraglichkeitskenngroBe  D^v 
als  dem  Quotienten  des  Massenverlustes  MVq  der  1:1-Mischung  zur  Summe  der 
Massenverluste  MV,  und  MVj  der  Einzelkomponenten  bestimmt. 
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(2) 


Dmv- 1^ 


Mg 

Mg 


■MVg 


G,1 


M 


MV.+^^MV. 
'  Mg 


Mg 


Mg-MVg 

Mg.i-MVi+Mqs-MVs 


Gl.(2)  gilt  allgemein  fur  beliebige  Massenverhaltnisse  in  der  Mischung.  Mq  =  Mg ,  + 
Mg, 2  ist  die  Gesamtmasse  der  Mischung.  Die  Massenverluste  MV,  und  MV2  konnen 
mit  davon  unterschiedlichen  Massen  bestimmt  worden  sein.  In  Gl.(2)  warden  die 
Beitrage  der  Einzelstoffe  mischungsmassenbruchgewichtet  berucksichtigt  1st  der 
Massenanteil  einer  Komponente  in  der  Mischung  null  wird  D^v  =  1-  Mit  der  Bedin- 
gung  Mg,,  =  Me,2  =  M  foigt  Mg  =  2  M  und  die  Gl.(3)  resultiert  fur  die  Vertraglich- 
keitskenngrdBe  D^v 

[Mg,,(0)-  Mg,,(t)  +  Mg, 2(0)  -  Mg.2  (t)] 

AMg 

MQi(0)  +  Mg2(0)  ^  2M 

Mi(0)-Mi(t)  M2{0)-M2(t)  “  AM1+AM2 

M,(0)  MjCO)  M 

mit  Mi(0)  =  M2(0)  =  Mg,,(0)  =  Mg,2(0)  =  M 

Der  Ausdruck  in  eckigen  Klammern  in  oberen  Zahler  des  mittleren  Teils  der  Gl.(3) 
ist  nur  formal  aufgespalten.  Diese  Aufspaltung  gilt,  wenn  die  Komponenten  indif¬ 
ferent  zueinander  sind,  dann  ist  Dmv  =  1.  Ein  Dmv  >  1  bedeutet  eine  Zunahme  der 
Reaktivitat  zwischen  den  Gemischkomponenten  und  ein  D^v  <  1  formal  eine  Ab- 
nahme  der  Reaktivitat  zwischen  den  Gemischkomponenten.  Die  untere  Grenze  fOr 
Dmv  ist  null.  Aber  wenn  Werte  deutlich  kleiner  1  erhalten  warden,  muB  mit  ande- 
ren  Methoden  gepruft  warden,  well  eine  reaktive  Wechselwirkung  zwischen  den 
Komponenten  dann  nicht  auszuschlieBen  ist.  Ist  bei  einer  Komponente  der  Mas- 
sen  verlustwert  MV|  null,  resultiert  bei  1:1-Mischungen  ebenfalls  Dmv  =  I  fur  indiffe- 
rentes  Verhalten.  Als  Beurteilungskriterien  gelten  fOr  die  DMv-Werte  nach  Gl.(3) 
mit  MVi  und/oder  MV2  ungleich  null: 


(3) 


- 


2MVg 
MV, +MV2 


Dmv  >  2 

unvertraglich 

Dmv  < 

unvertraglich  bzw.  priifen  mit  anderen  Methoden 

^  Dmv  ^  2 

keine  definierte  Aussage  moglich,  andere  Methoden  mit 

heranziehen 

Dmv  =  1 

indifferent  bzw.  vertraglich 

Die  Kriterien  sind  noch  in  der  Entwicklung.  Die  Datenbasis  fur  Dmv  ist  bei  weitem 
kleiner  als  die  der  Vertraglichkeitsprufung  mit  dem  Vakuumstabilitatstest. 

Bei  den  Sprengstoffmischungen  wird  zu  deren  Bewertung  als  Referenztemperatur 
MV-Tref,G  jeweils  die  Einzelstoff-Referenztemperatur  MV-Tref.E  gewahit,  bei  der  die 
instabilere  unbelastete  Einzelkomponente  3%  Massenverlust  aufweist.  Die  Ergeb- 
nisse  sind  in  der  Tabelle  3  zusammengestellt.  Die  Messungen  an  den  unbelasteten 
Gemischen  zeigen  die  Abbildungen  5  und  6. 
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Tabelle  3:  Vertraglichkeitsbewertung  mit  den  Massenverlusten  aus  den  TGA- 

Messungen  der  unbelasteten  und  belasteten  Sprengstoffmischungen. 


Sprengstoff- 

gemisch 

Lagerzeit  bei 
65,5°C 
[Monate] 

Abb. 

Nr. 

MV-T„f.G 

[“C] 

MVg 

[%] 

MV, 

[%] 

MV2 

[%] 

I3mv 

NTO/RDX 

0 

5 

196 

10,5 

0,97 

3 

5,3 

NTO/TNT 

0 

6 

161 

1,6 

0 

3 

1,07 

NTO/RDX 

4 

196 

10,3 

0,90 

2,6 

5,9 

NTO/TNT 

4 

161 

1,8 

0 

3,5 

1,03 

Innerhalb  des  Methodenfehlers  und  bei  der  relativ  niedrigen  Referenztemperatur 
MV-Tref,G  =  161°C  reagiert  NTO  nicht  mit  TNT  und  die  Vorlagerung  hat  auf  die  Re- 
aktivitat  zwischen  NTO  und  TNT  keinen  EinfluB.  Bei  der  Referenztemperatur  MV- 
Tref.G  =  196°C  hingegen  reagieren  RDX  und  NTO  merklich  miteinander,  die  Zerset- 
zungsneigung  oder  Reaktivitat  wird  jedoch  durch  die  65,5°C-Lagerung  auch  nicht 
erhoht.  Diese  so  festgestellten  Zersetzungsreaktionen  zwischen  NTO  und  RDX 
dCirften  bei  normalen  Lager-  und  Einsatzbedingungen  keine  Rolle  spielen.  Die 
thermogravimetrische  Analyse  kann  somit  keine  relevante  Reaktivitat  zwischen 
NTO  und  RDX  sowie  zwischen  NTO  und  TNT  fur  die  vorgesehene  Einsatzbelastun- 
gen  feststellen. 

DSC-Warmestrom-Thermogramme  von  unbelastetem  NTO,  von  16  Wochen  bei 
65,5°C  gealtertem  NTO,  von  RDX  und  von  der  Mischung  NTO/RDX,  beide  bei  65,5°C 
Qber  16  Wochen  gealtert  und  von  unbelastetem  TNT  und  von  der  unbelasteten 
Mischung  NTO/TNT  zeigen  die  Abbildungen  7  bis  12.  Die  Einwaagen  lagen  zwi¬ 
schen  0,3mg  und  0,5mg.  Die  Aufheizrate  war  immer  10°C/min.  Die  TNT-haltigen 
Proben  wurden  im  geschlossenen  Al-Tiegel  gemessen.  Die  DSC-Diagramme  Abb.  7 
und  Abb.  8  zeigen  keinen  signifikanten  Unterschied  zwischen  unbelastetem  und 
gealtertem  NTO.  Die  kleine  Verschiebung  der  Exptherme  des  gealterten  NTO  zu 
hoheren  Temperaturen  ist  auf  die  urn  20%  verringerte  Einwaage  zurCickzufuhren. 
Die  Abb.  9  und  10  zeigen  im  Vergleich  die  RDX-kontrollierte  Zersetzung  der  Mi¬ 
schung  NTO/RDX,  bei  der  Mischung  NTO/TNT  erkennt  man  mit  den  Abb.  11  und  12 
die  NTO-kontrollierte  Zersetzung. 


4.2.  Warmestrom-Mikrokalorimetrie 

Zur  Messung  der  Warmestrome  dQ/dt  der  Sprengstoffproben  wurde  ein  War- 
mestrom-Mikrokalorimeter  mit  ZwillingsmeBprinzip  Typ  TAM™  der  Fa.  Thermome¬ 
tric,  Schweden  verwendet.  Die  Proben  wurden  wie  in  /7/  beschrieben  in  nicht  vor- 
konditionierte  MeBampullen  mit  3ml  Volumen  gefullt.  Die  MeBampullen  wurden 
fest  mit  einem  Crimp-VerschluBdeckel  mit  teflonuberzogener  Eiastomerdichtung 
verschlossen  und  nach  dem  VerschlieBen  in  das  Mikrokalorimeter  eingebracht.  Als 
Referenz  in  der  ZwillingsmeBanordnung  diente  eine  leere  MeBampulle,  um  das 
Rauschen  durch  Temperaturschwankungen  im  isothermen  Bad  zu  reduzieren.  Der 
MeBbereich  wurde  zu  lOpW  gewahit,  die  Kalibrierung  erfoigte  mit  zwei  Punkten, 
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OpW  und  mit  der  im  MeBzylinder  eingebauten  Widerstandskalibrierheizung  mit 
festeingestellten  9,9^iW.  Gemessen  wurden  die  Warmestrome  bei  65,5°C  Badtem- 
peratur  des  Mikrokalorimeters.  Folgende  Ausdrtlcke  werden  synonym  zum  War- 
mestrom  verwendet:  WarmefluB,  WarmefluBrate,  Warmeproduktionsrate,  War- 
meproduktion,  Warmeentwicklung,  Warmeentwicklungsrate,  Leistung,  Warmelei- 
stung.  Der  im  Deutschen  zutreffendste  Ausdruck  ist  Warmestrom,  welcher  von 
Oder  zur  Probe  gerichtet  sein  kann.  Der  Begriff  Warmeentwicklungsrate  impliziert 
eine  exotherme  Reaktion  in  der  Probe,  was  bei  Explosivstoffen  haufig  ist  und  er 
stellt  einen  Bezug  zur  Reaktionswarme  Oder  Warmetonung  der  chemischen  Reak¬ 
tion  her.  Im  Englischen  ist  'heat  flow'  der  zutreffende  Begriff  fur  den  'Warme¬ 
strom',  daneben  wird  auch  'heat  generation  rate'  verwendet. 

Alle  Messungen  wurden  mit  der  'Switch'-Technik  aufgenommeri,  da  bei  alien  Pro- 
ben  nur  sehr  kleine  spezifische  (meint  bezogen  auf  die  Einwaage)  Warmestrome 
zu  beobachten  waren,  meistens  zwischen  ±0,5pW/g  und  nahe  der  Nullinie. 
'Switch'-Technik  bedeutet  den  Wechsel  der  MeBposition  der  Probe  von  der  Pro- 
benmeBstelle  A  zur  ReferenzmeBstelle  B  in  der  ZwillingsmeBanordnung  und  um- 
gekehrt.  Damit  kann  das  Nullsignal  bestimmt  werden  als  halber  Wert  des  Abstands 
zwischen  den  MeBkurven  vor  und  nach  dem  Switch.  Diese  Methode  arbeitet  dann 
optimal,  wenn  die  Probe  einen  konstanten  Warmestrom  zeigt.  Die  vom  Hersteller 
des  Mikrokalorimeters  angegebene  Nachweisgrenze  betragt  SOnW  (nano-Watt), 
was  nach  /7/  fur  die  meisten  MeBkanale  dieses  verwendeten  Mikrokalorimetertyps 
in  einem  Ringversuch  bestStigt  wurde.  Als  Kriterium  der  Bestimmungsgrenze  gilt 
die  3-fache  Nachweisgrenze,  somit  hier  ISOnW  absolut.  Die  Ladedichte  bei  den 
Messungen  war  nahezu  1,  d.h.  es  wurden  3g  bis  3,5g  an  Substanz  eingewogen. 
Demnach  kann  die  probenbezogene  Oder  spezifische  Bestimmungsgrenze  mit  ca. 
SOnW/g  angegeben  werden. 

Die  Abbildungen  13  bis  17  zeigen  die  erhaltenen  Warmestrome.  Die  spike-artigen 
Elemente  der  MeBkurven  sind  bei  der  Anwendung  der  Switch-Technik  entstanden, 
dabei  kommt  das  Mikrokalorimeter  fur  2  bis  4  Stunden  aus  dem  thermischen 
Gleichgewicht.  Das  unbelastete  NTO,  Abb.  13,  zeigt  eine  deutliche  endotherme 
Warmetonung  in  der  GrbBenordnung  von  -400nW/g.  Nach  4-monatiger  Lagerung 
bei  65,5°C  ist  dieser  Effekt  allerdings  verschwunden.  Die  negative  Warmetonung 
kann  durch  das  Abspalten  von  uber  WasserstoffbrQcken  gebundenem  Wasser  im 
NTO  herrQhren.  Das  reine  RDX  zeigt  unbelastet  keine  endotherme  Warmetonung, 
Abb.  14,  die  Werte  der  Warmestrome  liegen  nahe  bei  null.  Das  unbelastete 
NTO/RDX-Gemisch  hat  einen  endothermen  Effekt  von  etwa  -200nW/g,  die  Halfte 
des  Wertes  des  NTO.  Nach  4-monatiger  Lagerung  bei  65,5'’C,  Abb.  15,  ist  dieser  en¬ 
dotherme  Effekt  nicht  mehr  erkennbar.  Die  belasteten  NTO/RDX-Mischungen  zei¬ 
gen  mit  lOOnW/g  Warmestrome  im  Grenzbereich  des  Gerats  /8,9/.  Stbreffekte  sind 
nicht  auszuschlieBen.  Ungelagertes  TNT  zeigt  innerhalb  der  ersten  40  Stunden  ein 
deutlich  exothermes  Signal  mit  einer  maximalen  Hohe  von  4,2pW/g,  Abb.  16.  Die¬ 
ser  Anfangseffekt  tritt  auch  bei  der  NTO/TNT-Mischung  in  entsprechend 
„verdunnter"  Form  auf.  Wahrscheinlich  handelt  es  sich  bei  der  im  unbelasteten 
TNT  ablaufenden  Reaktion  nicht  um  eine  Zersetzungsreaktion  des  TNT,  sondern 
urn  die  einer  Verunreinigung,  da  dieser  Warmestrom  bei  den  2  uhd  4  Monate  ge- 
lagerten  Proben  des  reinen  TNT  sowie  der  1:1-Mischung  NTO/TNT  nicht  mehr  auf- 
tritt.  Abb.  17.  Die  ARC-Messungen  weisen  bei  unbelastetem  TNT  gegenuber  bela- 
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stetem  ebenfalls  auf  erhohte  Reaktivitat  hin.  Abb.  21.  Die  Warmestrome  der  bela- 
steten  NTO/TNT-Mischungen  haben  mit  etwa  200nW/g  leicht  positive  Werte,  aber 
wiederum  im  Grenzbereich  des  Gerats. 

Alle  Messungen  zeigen,  daB  weder  NTO  noch  TNT  noch  RDX  sowohl  unbelastet  als 
auch  belastet  Warmetonungen  aufweisen,  die  eindeutig  auf  eine  chemische  Zer- 
setzung  dieser  Stoffe  bei  der  Mikrokalorimeter-MeBtemperatur  von  65,5°C  schlie- 
Ben  lessen.  Das  Gleiche  gilt  fur  die  1:1-Mischungen  NTO/RDX  und  NTO/TNT.  Im 
Temperaturbereich  bis  65,5°C  gibt  die  Warmestrom-Mikrokalorimetrie  keinen 
Hinweis  auf  chemische  Reaktionen  in  diesen  Sprengstoffmischungen,  die  mit  ei- 
nem  entscheidenden  Warmestrom  erkennbar  waren. 


4.3  Adiabatische  Selbstaufheizung 

Die  Methode  der  adiabatischen  Selbstaufheizung  wurde  in  einem  der  institute  bei 
Treib-  und  Explosivstoffen  wurde  schon  angewendet /1 0/.  Ein  weiterer  Beitrag  da- 
zu  ist  in  /II/  zu  finden,  in  welchem  die  Methode  nochmals  beschrieben  ist.  Die 
adiabatische  Selbstaufheizung  der  Sprengstoffe  und  der  Mischungen  wurde  mit 
einem  Accelerating  Rate  Calorimeter  (ARC™)  bestimmt.  In  den  folgenden  Abbil- 
dungen  18  bis  23  werden  die  adiabatischen  Selbstaufheizraten  h  in  °C/min  als 
Funktion  der  adiabatisch  erreichten  Temperatur  gezeigt,  welche  als  1/T  in  1/K  ein- 
getragen  ist,  jedoch  wurden  °C-Werte  zugeordnet.  Die  Einwaagen  waren  urn 
300mg,  bei  RDX-haltigen  Proben  urn  250mg,  gemessen  wurde  in  kugeligen  Titan- 
meBzellen  mit  einem  Zoll  Durchmesser.  Die  thermische  Inertheit  des  Systems  MeB- 
zelle-Probe  ausgedrQckt  als  (t)-Faktor  lag  zwischen  6  und  8,2.  Alle  Selbstaufheizun- 
gen  zeigten  einen  Obergang  von  der  kontrolliert  verfoigbaren  Selbstaufheizung 
zur  Deflagration,  dem  jeweiligen  Endpunkt  der  gezeigten  MeBkurven. 

In  der  Abb.  18  sind  die  unbelasteten  Proben  zu  sehen.  Die  Kurven  des  NTO  und  des 
TNT  liegen  nahe  zusammen  und  haben  fur  die  Hauptexotherme  der  Selbstaufhei¬ 
zung  eine  um  etwa  20°C  hohere  Anfangstemperatur  als  das  RDX.  Die  Mischung 
NTO/TNT  wird  etwas  zu  niedrigeren  Temperaturen  verschoben,  ihre  Selbstauf- 
heizrate  scheint  NTO-kontrolliert,  wie  auch  DSC-Messungen  zeigen.  Abb.  11  und 
12.  Die  Verschiebung  zu  niedrigeren  Temperaturen  ist  nur  mit  einer  Zersetzungs- 
reaktion  zwischen  NTO  und  TNT  erklarbar.  Die  Mischung  NTO/RDX  ist  klar  erkenn¬ 
bar  RDX-kontrolliert  in  ihrem  Verhalten.  Ihre  Selbstaufheizkurve  liegt  bei  niedrige¬ 
ren  Temperaturen  als  die  des  RDX,  was  auf  eine  Reaktivitat  zwischen  NTO  und  RDX 
hindeutet,  jedoch  erst  bei  hoheren  Temperaturen.  Der  exothermen  Zersetzung  des 
RDX  kann  eine  endotherme  vorgelagert  sein.  In  der  Abb.  19  sind  die  Messungen 
an  den  unbelasteten  und  belasteten  NTO-Proben  dargestellt.  Die  bei  tieferer  Tem¬ 
peratur  liegende  Messung  an  unbelastetem  NTO  mit  der  Markierung  0,1  wurde 
mit  einer  Einwaage  von  400mg  durchgefuhrt,  alle  anderen  Messungen  mit  300mg 
Einwaage.  Die  Messung  0,1  zeigt  den  EinfluB  des  (j)-Faktors,  der  bei  dieser  Messung 
wegen  der  hoheren  Einwaage  kleiner  ist  als  bei  den  anderen,  4,9  zu  7.  Dies  fuhrt 
zu  einem  schnelleren  Ansteigen  der  Temperatur  in  der  NTO-Probe  mit  400mg  Ein¬ 
waage.  Die  Messungen  lassen  keinen  EinfluB  der  Alterung  erkennen.  Die  adiabati¬ 
schen  Selbstaufheizungen  von  unbelastetem  RDX,  zwei  Mesungen  0,1  und  0,2, 
und  16  Wochen  bei  65,5°C  gelagertem  RDX  zeigt  die  Abb.  20.  Es  kann  ein  leichter 
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Alterungseffekt  erkannt  werden.  Eine  These  ist,  daB  durch  die  Alterung  Produkte 
gebildet  werden,  welche  die  Zersetzungsreaktionen  des  RDX  leicht  inhibieren  oder 
Inhaltsstoffe  des  technisch  reinen  RDX  wurden  zersetzt,  welche  bei  unbelastetem 
RDX  dessen  Zersetzung  fordern.  Die  Ergebnisse  fur  unbelastetes  TNT  und  belaste- 
tesTNT  zeigt  die  Abb.  21.  Auch  hier  verschieben  sich  die  Selbstaufheizratenkurven 
mit  der  Belastung  zu  hoheren  Temperaturen,  allerdings  scheint  der  Alterungsein- 
fluB  schon  nach  den  ersten  Lagerungswochen  einzutreten.  Zwischen  den  Kurven 
fur  8  und  16  Wochen  ist  kein  Unterschied  mehr  feststellbar. 

Die  Selbstaufheizkun/en  der  Mischung  NTO/RDX  zusammen  mit  denen  der  Kom- 
ponenten  sind  in  der  Abb.  22  zu  sehen.  Die  Alterung  der  Mischung  andert  nur 
marginal  die  Selbstaufheizratenkurven  der  Proben.  Sie  gehen  jedoch  schon  bei 
deutlich  niedrigeren  Selbstaufheizraten  in  die  Deflagration  Ciber.  Die  Abb.  23  zeigt 
die  Messungen  an  den  NTO/TNT-Mischungen.  Auch  hier  sind  die  Anderungen  der 
gealterten  Mischungen  gegenuber  der  ungealterten  nur  marginal.  Zu  erwahnen 
ist  allerdings,  daB  die  uber  16  Wochen  gealterte  Mischung  NTO/TNT  streuende 
MeBkurven  lieferte,  sie  waren  sowohl  zu  tieferen  wie  zu  hoheren  Temperaturen 
verschoben,  die  gezeigte  Kurve  ist  etwa  die  Mittellage.  An  dieser  Stelle  sei  auch 
auf  die  deutliche  braunlicher  Verfarbung  dieser  Probe  hingewiesen.  Mit  der  adia- 
batischen  Selbstaufheizung  der  Sprengstoffmischungen  ist  zu  erkennen,  daB  die 
Mischungen  gegenuber  den  reinen  Komponenten  eine  erhShte  Reaktivitat  auf- 
weisen.  Diese  wird  aber  durch  die  Alterung  nicht  signifikant  verandert.  Die  erhoh- 
te  Reaktivitat  wird  erst  bei  hoheren  Temperaturen  meBbar. 


4.4  Infrarotabsorption 

Fur  die  Aufnahme  der  Infrarotabsorptionsspektren  wurden  KBr-PeBlinge  mit  den 
Proben  hergestellt.  Gemessen  wurde  mit  einem  Fouriertransform-IR-Spektrometer 
Typ  60SX  der  Fa.  Nicolet,  im  Mittleren  IR  mit  einer  Auflosung  von  4  cm  \  Darge- 
stellt  sind  immer  spezifische  Absorptionsspektren  (Extinktion  oder  Absorbanz). 
Durch  die  Subtraktionstechnik  wurde  versucht,  im  Rahmen  der  Genauigkeit  der 
Methode  Unterschiede  zwischen  unbelasteten  und  belasteten  Proben  zu  erken¬ 
nen.  Die  Abb.  24  und  die  Abb.  25  zeigen  das  IR-Absorptionsspektrum  des  unbela¬ 
steten  NTO  und  in  der  Abb.  25  auch  das  von  NTO  uber  16  Wochen  gealtert.  Es 
kann  kein  Unterschied  in  den  Spektren  der  Abb.  25,  hervorgerufen  durch  Absorp- 
tionsbanden  von  Zersetzungsprodukten,  festgestellt  werden.  Dasselbe  gilt  fur  die 
Mischung  NTO/RDX,  unbelastet  und  16  Wochen  belastet.  Abb.  26  und  Abb.  27, 
letztere  zeigt  das  Fingerprint-Gebiet  der  Spektren  der  unbelasteten  und  der  16 
Wochen  belasteten  Mischung.  An  Hand  der  Spektren  der  NTO/TNT-Mischung  ist 
letzlich  die  gleiche  SchluBfolgerung  zu  ziehen,  obwohl  hier  bei  der  uber  16  Wo¬ 
chen  belasteten  Mischung  erhebliche  Unterschiede  in  dem  Subtraktionsspektrum 
zu  sehen  sind.  Abb  29.  Auch  die  Abb.  28  fur  den  Vergleich  der  unbelasteten  mit 
der  8  Wochen  belasteten  Mischung  zeigt  einige  Unterschiede,  die  aber  auf  Unge- 
nauigkeiten  der  Aufnahmetechnik  mit  den  KBr-PreBlingen  zuruckgefuhrt  werden 
kann.  Den  Haupteffekt  im  Differenzspektrum  der  Abb.  29  durften  Konzentrations- 
unterschiede  bei  den  beiden  Proben  im  KBr-PreBling  sein,  da  qualitativ  die  Spek¬ 
tren  nahezu  gleich  sind.  In  Bereich  der  N-H  oder  O-H-Schwingungen  bei  3200  cm  ’ 
und  bei  der  Bande  urn  1720  cm"’  zeigt  sich  ein  groBerer  Unterschied,  doch  der 
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Vergleich  mit  der  Bandenlage  und  der  bandenform  des  reinen  NTO,  Abb.  24,  laBt 
keinen  RuckschluB  auf  eine  N-H  -'OjN-Gruppenwechselwirkung  zwischen  NTO  und 
TNT  zu.  Beide  genannten  Banden  im  Subtraktionsspektrum  sind  als  NTO-Banden 
zu  erkennen. 


4.5  Wassergehaltsbestimmung  nach  der  Karl-Fischer-Methode 

Die  Sprengstoffe  warden  vor  und  nach  der  Lagerung  auf  ihren  Wassergehalt  hin 
untersucht.  Damit  sollte  eine  eventuelle  Hygroskopizitat  und/oder  eine  Bildung 
von  Wasser  als  Reaktionsprodukt  aus  einer  moglichen  chemischen  Zersetzung  er- 
mittelt  werden.  Tabelle  4  zeigt  die  Ergebnisse. 

Tabelle  4:  Wassergehalt  in  Mass.-%  nach  Karl-Fischer  (K.F.)  und 
Massenverlust  nach  Lagerung. 


Probe 

Lagerzeit 
bei  65,5-0 

K.F.-Wert 

[Mass.-%] 

Massenverlust 
nach  Lagerung 

NTO 

unbelastet 

0,15 

- 

NTO 

2  Monate 

0,13 

0,04  % 

NTO 

4  Monate 

0,07 

0,09  % 

RDX 

unbelastet 

0,09 

- 

RDX 

4  Monate 

0,04 

0,07  % 

TNT 

unbelastet 

0,01 

- 

TNT 

4  Monate 

0,09 

0,09  % 

NTO/RDX 

4  Monate 

<0,01 

0,09  % 

NTO/TNT 

4  Monate 

<0,01 

0,08  % 

Die  Entstehung  von  Wasser  durch  Zersetzungsreaktionen  konnte  nicht  nachgewie- 
sen  werden,  auch  keine  Hygroskopizitat  der  Stoffe  oder  Gemische.  Die  Massenver- 
luste  nach  Lagerung  haben  so  kleine  Werte,  daB  sie  zu  vernachlassigen  sind,  d.h. 
auch  damit  sind  keine  den  Einsatz  der  Mischungen  begrenzenden  Zersetzungsre¬ 
aktionen  nachweisbar. 


5.  Zusammenfassung 

In  einer  gemeinsamen  Untersuchung  zwischen  den  Instituten  WIWEB  und  ICT  zur 
Klarung  der  Frage  einer  Reaktivitat  zwischen  NTO  und  RDX  als  Beispiel  eines  typi- 
schen  Nitramins  und  zwischen  NTO  und  TNT  als  Beispiel  eines  typischen  Nitroaro- 
maten  warden  folgende  Methoden  eingesetzt;  die  Thermoanalyse  mit  TGA/DTA 
und  DSC,  die  Warmestrom-Mikrokalorimetrie  gemessen  mit  einem  TAM™,  die 
adiabatische  Selbstaufheizung  gemessen  mit  einem  Accelerating  Rate  Calorimeter 
(ARC™),  die  IR-Absorption  im  Mittleren  Infraroten  sowie  der  Massenverlust  nach 
Lagerung  und  die  Wasserbestimmung  nach  Karl-Fischer.  Urn  eventuelle  Reaktionen 
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zwischen  den  Komponenten  zu  beschleunigen  wurden,  die  Proben  bei  65,5°C  uber 
2  und  4  Monate  gealtert. 

Die  Bewertung  mit  den  thermoanalytischen  Methoden  wurde  mit  den  TGA- 
Messungen  quantifiziert  durchgefuhrt.  Ober  die  Definition  einer  Vertraglichkeits- 
oder  ReaktivitatskenngroBe  D^v  wurden  die  Daten  der  TGA-Thermogramme  aus- 
gewertet.  Es  konnte  keine  relevante  Reaktivitat  zwischen  NTO  und  RDX  und  zwi¬ 
schen  NTO  und  TNT  fur  die  ubiichen  Lager-  und  Einsatztemperaturen  festgestellt 
werden.  RDX  reagiert  aber  bei  erhohten  Temperaturen  deutlich  mit  NTO,  Inner- 
halb  des  Methodenfehlers  reagiert  NTO  nicht  mit  TNT  bei  etwa  160°C,  auch  die 
Belastung  bei  65,5°C  uber  4  Monate  anderte  die  Reaktivitat  der  Mischungen  nicht. 
Die  Warmestrommessungen  bei  65,5°C  mit  dem  Mikrokalorimeter  mit  einer  spezifi- 
schen  Bestimmungsgrenze  von  0,05pW/g  konnten  keine  offensichtlichen  Unver- 
traglichkeitsreaktionen  zwischen  NTO  und  RDX  und  zwischen  NTO  und  TNT  auf- 
zeigen.  Die  Warmestrome  waren  so  klein,  meistens  zwischen  ±0,5pW/g  und  nahe 
der  Nullinie,  daB  mit  der  Switch-Technik  gemessen  werden  muBte. 

Mit  der  adiabatischen  Selbstaufheizung  wurde  festgestellt,  daB  sich  die  MIschung 
NTO/RDX  RDX-kontrolliert  zersetzt  und  die  Selbstaufheizrate  der  Mischung  bei  nie- 
drigeren  Temperturen  liegt  als  die  des  RDX.  Bei  NTO  und  TNT  allein  liegen  die  An- 
fangstemperaturen  der  Selbstaufheizraten  etwa  20°C  uber  der  des  RDX.  Die  Zer- 
setzung  der  Mischung  NTO/TNT  ist  NTO-kontrolliert,  eine  Reaktivitat  zwischen  bei- 
den  Komponenten  kommt  bei  hoheren  Temperaturen  zum  Tragen,  so  daB  die 
Selbstaufheizratenkurve  der  Mischungen  bei  niedrigeren  Temperaturen  als  die  der 
Komponenten  liegt.  Die  Alterung  bei  65,5°C  uber  8  und  16  Wochen  anderte  die 
Grundreaktivitat  der  beiden  Mischungen  nicht  mehr  signifikant.  Mit  der  IR- 
Absorption  konnte  keine  Reaktivitat  in  den  Sprengstoffmischungen  erkannt  wer¬ 
den.  Verglichen  wurden  die  spezifischen  Absorptionsspektren  der  unbelasteten 
und  der  belasteten  Mischungen.  Mit  der  Subtraktion  der  Spektren  als  empfindliche 
Unterscheidungstechnik  zwischen  zwei  sehr  ahniichen  Spektren  konnten  keine 
neuen  Absorptionsbanden  von  eventuell  entstandenen  Zersetzungsprodukten  ge- 
funden  werden.  Auch  bei  NTO  konnte  in  den  Spektren  keine  Veranderung  mit  der 
Alterung  festgestellt  werden. 

Die  Massenverluste  durch  die  Lagerungen  bei  65,5°C  sind  so  klein,  daB  Zerset- 
zungsreaktionen  damit  nicht  zu  belegen  sind.  Auch  die  Anderungen  im  Wasserge- 
halt  der  Proben  war  sehr  gering. 

Mit  den  verwendeten  Untersuchungsmethoden  der  beiden  Institute  WIWEB  und 
ICT  konnten,  auBer  bei  Temperaturen  uber  150°C,  keine  offensichtlichen  chemi- 
schen  Reaktivitaten  zwischen  den  Mischungskomponenten  in  den  1:1-Mischungen 
NTO/RDX  und  NTO/TNT  festgestellt  werden.  Bei  NTO/TNT  kam  es  allerdings  bei  den 
Proben  beider  Institute  nach  4  Monaten  Lagerung  zu  einer  deutlichen  Braunfar- 
bung  und  zum  Zusammenbacken.  Bei  der  WIWEB-Probe  war  dies  mit  einer  teilwei- 
sen  Entmischung  verbunden.  Wahrscheinlich  ist  das  TNT  etwas  angeschmolzen  und 
gesintert.  Eine  entscheidende  Warmetonung  oder  hohere  Massenverluste  wurden 
jedoch  auch  fur  diese  NTO/TNT-Mischung  nicht  beobachtet. 
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6.  Abbildungen 
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TGA/DTA-Thermogramme  von  unbelastetem  RDX. 


Masse/Z  TNT  (  unbe  1  astet  ) 
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Abb.  4:  TGA/DTA-Thermogramme  von  unbelastetem  TNT. 
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Abb.  11:  DSC-Thermogramm  von  unbelastetem  TNT,  gemessen  im  ge 

schlossenen  Al-Tiegel. 
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Abb.  12:  DSC-Thermogramm  der  unbelasteten  1:1-Mischung  NTO/TNT,  gemes 

sen  im  geschlossenen  Al-Tiegel. 
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Abb.  13:  Spezifische  Warmestrome  von  unbelastetem  NTO  und  von  4  Monate 

gelagertem  NTO. 


Abb.  14:  Spezifische  Warmestrome  von  unbelastetem  NTO  und  unbelastetem 

RDX  und  der  unbelasteten  1:1-Mischung  NTO/RDX. 
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Abb.  15:  Spezifische  Warmestrome  der  1:1-Mischung  NTO/RDX,  unbelastet  und 

nach  Lagerung  bei  65,5°C  uber  2  und  4  Monaten. 


Abb.  16:  Spezifische  Warmestrome  von  unbelastetem  TNT  und  von  unbelaste- 

tem  NTO  sowie  von  der  unbelasteten  1:1-Mischung  NTO/TNT. 
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Abb.  18:  Adiabatische  Selbstaufheizrate  von  NTO,  RDX  und  TNT  und  der 

beiden  1:1-Sprengstoffmischungen  NTO/RDX  und  NTO/TNT. 
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NTO  stored  at  65.5‘’C  in  weeks 


Abb.  19:  Adiabatische  Selbstaufheizrate  von  NTO  und  von  bei  65,5°C  uber  8 

und  16  Wochen  gealtertem  NTO.  Zwei  Messungen  am  unbelasteten 
NTO,  0,1  mit  400mg  Einwaage,  alle  anderen  Proben  mit  300mg. 
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adiabatic  self  heating 

nOX  unstressed 

HDX  16  weeks  at  65.5°C 


Abb.  20:  Adiabatische  Selbstaufheizrate  von  RDX  und  von  bei  65,5°C  uber  16 

Wochen  gealtertem  RDX.  Zwei  Messungen  mit  unbelastetem  RDX. 


Abb.  23:  Adiabatische  Selbstaufheizrate  von  unbelastetem  NTO  und  TNT  und 

von  der  1:1-l\/lischung  NTO/TNT,  unbelastet  und  belastet. 


Abb.  24:  IR-Absorptionsspektrum  von  unbelastetem  NTO. 


147-27 


Abb.  25:  IR-Absorptionsspektren  von  unbelastetem  NTO  und  von  bei  65,5*C  uber  1 6  Wochen  gealtertem  NTO. 

Das  Subtraktionsspektrum  zeigt  keine  Anderung  der  belasteten  Probe  an. 
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_ _ _ W«ll«nzahlen  (on-l) _ 

IR-Absorptionsspektren  der  unbelasteten  Mischung  NTO/RDX  und  der  bei  65,5°C  Qber  1 6  Wochen  gealterten 
Mischung  NTO/RDX.  Das  Subtraktionsspektrum  zeigt  keine  Anderung  der  belasteten  Probe  an. 


Abb.  27:  IR-Absorptionsspektren  der  unbelasteten  Mischung  NTO/RDX  und  der  bei  65,5°C  Qber  16  Wochen  gealterten 

Mischung  NTO/RDX  im  Fingerprintgebiet  Das  Spektrum  mit  den  etwas  kleineren  Extinktions-  (Absorbanz-) 
werten  ist  von  der  belasteten  Probe.  Die  Spektren  sind  bezuglich  der  Banden  identisch. 


Abb.  28:  IR-Absorptionsspektren  der  unbelasteten  Mischung  NTO/TNT  und  der  bei  65,5°C  Qber  8  Wochen  gealterten 

Mischung  NTO/TNT.  Das  Subtraktionsspektrum  zeigt  keine  signifikanten  Anderung.  Die  Unterschiede  im 
Fingerprintgebiet  sind  auf  Streuungen  in  der  Probenpraparationstechnik  rQckfOhrbar. 


IR-Absorptionsspektren  der  unbelasteten  Mischung  NTO/TNT  und  der  bei  65,5°C  uber  16  Wochen  gealterten 
Mischung  NTO/TNT.  Das  Subtraktionsspektrum  zeigt  erhebliche  Unterschiede,  aber  es  ist  nicht  eindeutig,  ob 
diese  alterungsbedingt  sind.  Es  konnen  auch  Abweichungen  vom  1:1-Mischungsverhaltnis  sein. 
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Characterisation  of  impurities  in  new  energetic  materials 
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ABSTRACT 

In  the  last  years  several  new  explosives  have  recently  attracted  attention  as  possible 
alternatives  e.g.  for  the  nitramines  RDX  and  HMX.  Hexanitrohexaazaisowurtzitane 
(HNIW),  also  known  as  CL  20  is  one  of  them.  Objective  of  the  study  was  to  analyse 
three  different  CL  20  samples  from  different  suppliers  (e  -  CL  20  from  Thiokol ,  USA 
and  8-  and  p-  CL  20  from  SNPE,  France)  with  chromatographic  and  spectroscopic 
techniques  to  characterise  the  chemical  and  polymorph  purity  of  the  materials  in  order 
to  compare  the  different  samples  to  eachother. 

From  IR-spectroscopic  measurements  it  was  determined  that  all  three  materials  have 
polymorph  purities  >  95  %.  To  get  informations  about  the  chemical  purity  and  possible 
byproducts  or  residual  solvents  the  samples  were  analysed  by  FIPLC,  NMR  and  GC-MSD. 
For  the  last  a  new  technique,  the  so  called  Solid  Phase  Micro  Extraction,  SPME  was 
applied  fro  sample  preparation.  The  chemical  purity  estimated  by  FIPLC  analysis  was  for 
all  CL  20  samples  >  96  %  while  the  e-charge  of  SNPE  had  the  highest  purity  (98.3  %). 
From  NMR-measurements  a  formyl-substituted  byproduct  was  identified.  From  NMR  as 
well  as  from  GC-MSD  analyses  residual  amounts  of  organic  solvents  have  been  detected 
(ethanole  or  tetrahydrofurane).  Furthermore  different  spare  amounts  of  other  organic 
components  were  identified  after  SPME-treatment  and  characterization  with  GC-MSD. 
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1.  INTRODUCTION 

In  the  last  years  several  new  explosives  have  recently  attracted  attention  as  possible 
alternatives  e.g.  for  the  nitramines  RDX  and  HMX.  Hexanitrohexaazaisowurtzitane 
(HNIW),  also  known  as  CL  20  is  one  of  them.  Advantages  of  CL  20  for  example  are  the 
higher  energy  value  related  to  HMX  and  RDX.  CL  20  is  predicted  to  significantly 
enhance  performance  in  the  areas  of  specific  impulse  and  /  or  density  in  propellants  and 
in  detonation  velocity  and  pressure  in  explosives  111. 

Like  HMX  the  nitramine  CL  20  exists  in  different  polymorph  structures  with  slightly 
different  densities  whereby  the  epsilon-phase  has  the  highest  density.  The  phase 
stability  depends  on  or  could  be  influenced  respectively  by  several  conditions  like  /3/; 

•  temperature 

•  tace  amounts  of  other  polymorphs 

•  chemical  impurities 

•  organic  solvents. 

The  characterisation  of  chemical  impurities  and  /  or  spare  amounts  of  organic  solvents 
could  give  informations  about  the  synthesis  steps  or  the  crystallisation  conditions. 
Objective  of  study  is  to  analyse  three  different  CL  20  samples  with  chromatographic  and 
spectroscopic  techniques  to  characterise  the  chemical  and  polymorph  purity  of  the 
materials  in  order  to  compare  the  different  samples  to  eachother. 


2.  EXPERIMENTAL 

Three  different  CL  20  samples  (e  -  CL  20  MNPCL  1 57  from  Thiokol ,  USA  and  e-  and  p- 
CL  20  from  SNPE,  France,  s-charge-no.:  A981)  were  analysed  in  this  study.  Like  HMX 
and  RDX  the  nitramine  CL  20  is  thermally  lable  meaning  that  this  compound  itself  could 
not  be  analysed  with  gaschromatographic  methods  for  estimating  the  purity. 
Nevertheless  residues  of  organic  solvents  from  the  crystallization  process  or  thermally 
stabil,  volatile  organic  compounds  from  the  synthesis  should  be  detectable  after  using  a 
suitable  enrichment  /  extraction  techniques.  The  chemical  purity  of  CL  20  was  analysed 
by  liquid  chromatography  while  the  polymorph  purity  was  analysed  by  IR-spectroscopy. 
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•  HPLC -analysis  was  carried  out  with  a  Novopak  C18  column  (3,9  mm  x  1 50  mm)  using 
a  Waters  HPLC  with  PDA-detection  (225  nm).  Injection  volume  was  15  pi.  Separation 
of  the  peaks  were  obtained  by  using  a  specific  methanol :  water  -  gradient. 

•  To  anaiyse  probable  spare  compounds  by  GC-MSD  a  new  micro  extraction  technique, 
SPME  (solid  phase  micro  extraction),  was  applied  and  optimized.  SPME  is  a  solventless 
extraction  procedure  in  which  a  phase-coated  silica  fiber  (picture  1)  is  immersed  in  a 
liquid  sample  or  exposed  to  the  headspace  above  a  liquid  or  solid  sample.  Analytes 
adsorb  to  the  phase ,  and  then  are  thermally  desorbed  in  the  injection  port  of  a  GC 
and  transferred  to  the  column.  Different  SPME-phases  (SUPELCO)  were  tested  for 

CL  20  „solutions"  in  water  or  dichloromethane.  The  gaschromatographic 
characterisation  was  made  with  a  SPB-5-column  using  different  temperature 
programs.  The  measurements  were  made  with  a  HP  5890  and  a  MSD  5971 . 

•  NMR-spectroscopic  measurements  were  made  at  the  WIWEB  with  a  BRUKER- 
spectrometer  at  400,13  MHz  (’H-NMR)  and  at  100,62  MHz  ('^C-NMR).  As  solvent 
acetone-d6  was  used. 

•  KBr-pellets  were  measured  with  a  NICOLET  60  SX  IR-spectrometer. 


SPME  Portable  Field  Sampler 


Lock  Pin  Storage  Hole  • 


Plunger  Lock  Pin 


Fiber  Hub  Viewing  Window  ^ 


Plunger 

.^Depth  Adjusting  Slot 

,,  Plunger  Lock  Hole 
'  Depth  Adjusting  Lever 


Nosepiece - 

(Sealing  Septum  Inside) 


'  Septum  Access  Port 
Septum-Piercing  Needle 


Fiber  Attachment  Needle 
Fiber 


Figure  1 : 


schematic  view  of  the  SPME-technique  /I/ 
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3.  RESULTS  AND  DISCUSSION 

The  IR-absorption  spectra  of  the  three  different  CL  20  samples  are  shown  in  figure  2. 
Both  epsilon-modifications  show  the  same  typical  „8-IR  bands"  in  the  finger-print  region 
while  the  p-sample  differs  from  both  showing  the  specific  bands  for  the  p-modification 
/3/.  From  these  IR-measurements  the  samples  could  be  denotes  as  pure  modifications 
which  means  that  no  more  than  2  to  5  %  of  another  polymorph  modification  should  in 
the  samples. 


HflVENUMBEH 


Figure  2:  IR-spectra  of  the  different  CL  20  samples 

In  order  to  get  information  about  the  chemical  purity  several  measurements  were 
carried  out.  The  FIPLC  chromatogram  of  CL  20  -  MNPCL57  is  shown  in  figure  3.  It  is 
clearly  seen  that  the  main  product  elutes  as  the  last  of  four  peaks  (12.01  min),  having 
major  intensity  of  all.  There  are  three  byproducts  at  retention  times  of  8.86,  9.99  and 
11.19  minutes.  Assuming  that  all  components  have  the  same  sensitivity  for  the  PDA 
detector  (225  nm)  we  get  a  chemical  purity  of  96.3  %  for  this  CL  20  charge.  The  main 
byproduct  elutes  at  9.99  minutes  with  a  portion  of  about  3.1  %. 

Figure  4  shows  a  comparison  of  the  HPLC  chromatograms  of  the  three  different  CL  20 
samples  emphasising  the  peak  intensities  of  the  byproducts.  As  for  the  Thiokol  material 
both  SNPE  samples  show  four  peaks  in  the  FIPLC  chromatogram  with  the  main  peak  at 
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Figures:  HPLC -chromatogram  of  CL  20  MNPCL57,  Thiokol 

about  1 1 .9  minutes.  There  were  also  three  byproducts  detected  but  the  peak  with  the 
major  intensity  appears  for  both  modifications  at  a  retention  time  of  about  8.6  min. 
Using  also  the  peak  areas  to  determine  the  relative  percentages  of  the  four  components 
the  epsilon-charge  of  SNPE  seems  to  have  the  highest  chemical  purity  (98.3  %)  of  all 
three  analysed  materials.  For  the  beta-modification  a  chemical  purity  of  about  96.2  % 
was  detected  with  a  main  byproduct  of  about  3.4  %.  The  results  are  summarized  in  the 
following  table  whereby  the  peaks  are  designated  as  1  to  5  in  the  ordere  of  increasing 
retention  time: 


Peak-No. 

retention 

time 

[min] 

s-CL  20 

(Thiokol) 

peak  area  1%. 

e-CL  20 

(SNPE) 

P-CL  20 

(Thiokol) 

1 

7.7 

- 

0.05 

0.13 

2 

8.7 

0.26 

1.58 

3.39 

3 

10.0 

3.11 

- 

- 

4 

11.2 

0.35 

0.08 

0.25 

5 

12.0 

96.28 

98.29 

96.22 

Table  1 : 


relative  peak  area  percentages  determined  by  HPLC  measurements  for  the 
three  analysed  CL  20  charges 


Comparison  of  the  HPLC  chromatograms  of  the  three  different  CL  20 
samples  with  emphasis  of  the  peak  intensities  of  the  byproducts 
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The  '^C-  and  'H-NMR-spectra  measured  for  both  epsilon  samples  show  similar  main 
signals  for  both  charges.  CL  20  has  two  signals  in  the  'H-NMR-spectrum  at  6  =  8,34  and 
8  =  7,83  and  also  two  signals  in  the  ’^C-NMR-spectrum  at  5  =  72,1  and  8  =  75,1 . 
Detailed  spectra  are  given  in  /4/.  The  material  from  Thiokol  shows  a  small  ’^C-NMR- 
signal  at  8  =  161,6  whereas  for  the  SNPE  sample  a  small  signal  appears  at  8  =  167,8.  In 
both  cases  this  signal  could  be  interpreted  as  a  carbonyl-C-atom  in  the  neighbourhood 
of  a  proton.  This  means  that  in  both  CL  20  samples  a  byproduct  exists  which  has  one 
formyl-group  instead  of  a  nitro-group.  The  different  8-values  probably  resulted  because 
of  different  ring-positions. 

Furthermore  the  ’H-NMR-spectra  of  both  materials  show  small  amounts  of  signals 
coming  from  ethanole  which  perhaps  was  used  for  the  recrystallization  of  the  samples. 
Looking  especially  at  the  'H-NMR-region  between  8  =  7.0  to  9.0  the  byproducts  in  both 
epsilon-samples  differ  from  each  other.  This  corresponds  to  the  HPLC  results  noticed 
above.  For  the  Thiokol-sample  the  small  proton-signals  could  be  better  interpreted 
yielding  to  a  chemical  purity  for  CL  20  of  about  97  mol-%  which  is  the  same  value 
compared  to  the  FIPLC -purity.  In  the  case  of  the  SNPE-material  the  NMR-spectrum  is  to 
complex  to  give  exact  concentration  values  of  all  components.  Nevertheless  the  chemical 
purity  of  e-CL  20  from  SNPE  is  higher  regarding  the  results  of  the  seperated  HPLC- 
peaks. 

The  ’FI-NMR-spectrum  of  the  beta-SNPE-CL  20  was  also  measured.  Flere  small  amounts 
of  tetrahydrofurane  were  detected.  The  GC-MSD  measurements  (figures  5a  and  5b) 
after  enrichment  with  a  SPME  fibre  (SUPELCO  CW/DVB)  also  showed  that  p-CL  20  from 
SNPE  contains  residual  THF  amounts.  Furthermore  a  branched  heptanol  and  a  di-tert- 
butyl-benzochinone  were  identified  as  thermally  stabil,  volatile  components. 

The  GC-MSD  chromatograms  of  different  SPME-treated  „water  solutions"  of  both  e- 
modifications  were  also  measured.  Only  with  a  CW/DVB  fibre  GC-detectable  peaks 
appeared.  For  the  Thikol-sample  relatively  more  small  peaks  were  detected  in 
comparison  to  the  SNPE-material.  Some  of  the  peaks  of  the  last  noted  sample  were  also 
recognized  in  the  chromatogram  of  the  first  (figure  6) .  Nevertheless  until  now  only  for 
the  peak  at  a  retention  time  of  about  39.5  minutes  the  library  search  comparison  gave 
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possible  structure  informations  (figure  7).  With  a  match  quality  of  78  %  a  derivative  of  a 
long  chain  paraffinic  diethyester  was  identified. 


Figure  5a:  GC-MSD  total  ion  chromatogram  after  SPME-treatment  of  the  „water 

solution"  of  p-CL  20  (SNPE) 

For  „dichIoromethane  solutions"  of  CL  20  no  GC-detectable  peaks  have  been  measured 
after  SPME  enrichment.  Other  organic  solvents  were  not  tested  since  in  this  case  thermal 
degradation  products  of  CL  20  would  be  produced  in  the  GC-injector.  Despite  of  this 
further  GC-MSD  analysis  of  SPME-treated  solutions  with  solvents  in  which  CL  20  is 
soluble  could  probably  give  further  informations  about  the  byproducts  provided  they  are 
more  soluble  than  in  water  or  CH^CIj. 
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Figure  5b:  Library  search  results  for  three  peaks  in  the  GC-MSD  chromatogram  after 
the  SPME-treatment  of  the  „water  solution"  of  p-CL  20  (SNPE) 
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Figure  6:  GC-MSD  total  ion  chromatogram  after  the  SPME-treatment  of  the  „water 

solution"  of  e-CL  20  (Thiokol) 


Figure  7:  GC-MSD-library  search  result  for  the  peak  at  39.7  min  after  the  SPME- 

treatment  of  the  „water  solution"  of  e-CL  20  (Thiokol  and  SNPE) 


149  -  1 


Afterburning  of  TNT  Detonation  Products 
IN  AN  Explosive  Chamber 

J6zef  PASZULA,  RadosJaw  TR]?BI1^SKI,  Waldemar  A.  TRZCINSKI 

Militaiy  University  of  Technology 
Kaliskiego  2,  01-489  Warsaw,  POLAND 

PiotrWOLANSKI 

Warsaw  University  of  Technology 
Nowowiejska  25,  00-665  Warsaw,  POLAND 

Abstract 

The  process  of  afterburning  of  TNT  detonation  products  in  an  explosion  chamber  of  a 
volume  of  0.15  m^  was  investigated.  The  chamber  was  filled  with  argon  or  air  under  normal 
pressure  (0.1  MPa).  Charges  of  50  or  100  g  of  TNT  were  fired.  Signals  of  overpressure  in 
the  chamber  were  recorded  by  two  pressure  gauges.  Scattering  and  consecutive  compression 
of  detonation  products  in  the  chamber  was  also  modelled.  The  results  of  gasdynamical 
modelling  as  well  as  those  of  thermochemical  calculations  were  compared  with  the 
overpressure  records.  As  a  result,  the  additional  energy  released  during  afterburning  of  the 
TNT  detonation  products  in  air  atmosphere  was  estimated. 

1.  Introduction 

Trinitrotoluene  (TNT)  is  one  of  the  most  commonly  used  explosive  of  strong  negative  oxygen 
balance  (Bo  =  -75  %).  Detonation  heat  of  TNT  is  about  1100  cal/g,  but  the  oxidation  of  the 
unreacted  carbon,  carbon  oxide  and  hydrogen  contained  in  the  detonation-produced  gases  can 
release  additional  2500  cal/g  [1],  This  effect  can  increase  the  late-time  pressure  in  confined 
explosions  by  a  factor  3.5.  However,  conditions  of  the  afterburning  process  of  TNT  are  not 
known. 

In  this  work  a  series  of  experiments  for  charges  of  different  mass  of  TNT  in  an  explosion 
chamber  of  a  volume  of  0.15  m’  has  been  conducted.  The  chamber  was  filled  with  argon  or  air 
under  pressure  of  0. 1  MPa.  Signals  of  overpressure  at  the  chamber  wall  after  detonation  of  TNT 
charge  were  recorded  by  two  pressure  gauges.  The  results  of  gasdynamical  modelling  and 
thermochemical  calculations  were  compared  with  the  overpressure  records.  In  consequence,  the 
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energies  released  during  the  detonation  of  TNT  charges  in  argon  and  air  closed  in  the  explosion 
chamber  were  determined.  A  rate  of  heat  losses  to  the  wall  of  the  chamber  was  also  estimated. 

2.  Experimental  approach  and  results 

Explosion  tests  with  TNT  charges  were  performed  in  a  chamber  which  schematic  diagram  is 
shown  in  Fig.  1.  The  chamber  consists  of  a  cylindrical  part  of  height  180  mm  and  internal  diameter 
580  mm  and  two  spherical  parts  of  internal  diameter  of  580  mm.  The  chamber  volume  is  about 
0  .15  m^ 


Fig.  1.  Schematic  diagram  of  an  explosion  chamber;  1-  pressure  gauges,  2  -  TNT  charge. 

Charges  of  flaked  TNT  of  50  or  100  g  weight  were  used.  Samples  of  TNT  were  pressed  in 
cylindrical  matrices  of  inner  diameter  of  30  mm  (50  g  samples)  or  40  mm  (100  g  samples).  Each 
charge  had  a  fuse  cavity  8  mm  in  diameter  and  15  mm  long.  Density  of  the  charges  varied  in  the 
range  1.57-1.58  g/cm^. 

The  chamber  was  filled  with  argon  or  air  under  a  pressure  0. 1  MPa.  The  charge  with  a  fuse 
was  hung  in  the  centre  of  the  chamber.  Signals  of  overpressure  from  two  pressure  gauges  located 
at  opposite  walls  of  the  chamber  (see  Fig.  1)  were  recorded  by  a  digital  storage  scope  DS-8621 
(Iwatsu  Electric  Co.,  Ltd.).  Chosen  overpressure  records  from  the  chamber  are  presented  in  Figs. 
2-3  for  argon  atmosphere  and  in  Figs.  4-5  for  air  atmosphere  in  the  chamber.  The  records  from 
Figs.  2  and  4  were  made  at  1  V/div.  sensitivity  and  20  |is/div.  sweep  rate  and  those  from  Figs.  3 
and  5  at  0. 1  V/div.  and  500  ps/div. 


P  [MPa]  p  [MPa] 
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Fig.  4.  Overpressure  records  in  the  chamber  filled  with  air;  1  V/div.  sensitivity,  20  ps/div.  sweep  rate. 
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Fig.  5.  Overpressure  records  in  the  chamber  filled  with  air;  0. 1  V/div.  sensitivity,  500  ps/div.  sweep  rate. 
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The  overpressure  records  have  the  oscillating  nature.  The  amplitudes  of  oscillations  decrease 
with  increasing  the  time  of  recording.  After  the  first  reverberations  of  shock  waves  at  the  chamber 
wall  also  averaged  value  of  overpressure  decreases.  This  phenomenon  is  caused  by  the  heat  losses 
to  the  wall. 

From  5  to  7  tests  were  made  for  each  mass  of  TNT  charge  for  given  filler  of  the  chamber.  The 
overpressure  records  were  averaged  by  the  method  described  in  Ref  [2].  The  mean  overpressure 
was  obtained  by  the  following  equation 

T 

t+- 

1  ^  /  A 

Paver  (0  =  -  j  P(t  j  dt'  (1) 

2 

A  value  t  =  1  ms  was  chosen.  This  value  is  about  two  times  longer  than  the  time-duration  of  a 
single  peak  of  overpressure  recorded  in  the  chamber  filled  with  argon  or  air.  Simultaneously,  the 
records  were  modified  by  adding  of  0. 1  MPa  to  the  overpressure  values.  In  this  way  the  pressure 
records  were  obtained. 

To  determine  a  rate  of  decreasing  of  the  average  pressure,  the  initial  dynamical  part  of  the 
pressure  records  was  rejected.  It  was  assumed  that  the  first  dynamical  stage  of  shock  wave  rever¬ 
berations  at  the  wall  lasted  about  5  ms.  The  average  pressure  are  shown  in  Fig.  6  in  the  form  of 
dotted-plots.  A  drop  of  the  mean  pressure  is  caused  mainly  by  the  heat  flow  to  the  chamber  wall. 
Thus,  a  time-dependence  of  the  mean  pressure  can  be  approximated  by  the  following  function 

Paver(t)  =  Poe'‘*^‘"‘”^  (2) 

where  to  is  the  time  of  the  first  reflection  of  the  shock  wave  from  the  chamber  wall,  po  and  a  are 
constants.  To  determine  these  constants,  the  records  of  all  shots  for  given  TNT  mass  and  type  of 
gas  filling  the  chamber  were  used.  It  was  assumed  that  to  =  10.25  ms,  although  the  time  of  the  first 
shock  reflection  varied  from  10,22  to  10,28  ms.  The  calculated  values  of  po  and  a  are  presented  in 
Table  1.  The  functions  (2)  with  these  constants  are  represented  in  Fig.  6  by  solid  lines. 

The  parameter  a  represents  the  rate  of  the  pressure  decrease  at  the  chamber  wall.  There  is  no 
correlation  between  the  value  of  average  pressure  at  the  wall  and  the  rate  of  drop  it. 


PaverlMPa]  Pave, [MPa] 
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The  parameter  po  can  be  treated  as  a  mean  value  of  pressure  at  the  chamber  wall  at  the  mo¬ 
ment  of  the  first  shock  wave  reverberation.  In  reality,  the  mean  pressure  at  the  wall  during  the 
initial  phase  of  expansion  and  mixing  of  the  detonation  products  and  gaseous  medium  is  higher 
due  to  the  gasdynamical  processes  (acceleration,  reflection  and  reverberation  of  shock  waves) 
occurring  in  the  chamber.  However,  it  can  be  assumed  that  po  denotes  the  final  pressure  in  the 
chamber  after  mixing  and  afterburning  without  heat  losses  to  the  chamber  wall.  A  comparison  of 
the  values  of  po  presented  in  Table  1  with  calculated  pressures  for  different  fractions  of  unreacted 
carbon  in  the  chamber  will  give  us  an  answer  to  the  question  if  the  afterburning  process  takes 
place  in  the  chamber 
3.  Calculations 

3.1  Modelling  of  scattering  and  compression  of  the  detonation  products 

To  describe  the  process  of  scattering  and  consecutive  compression  of  the  detonation  products 
in  the  explosion  chamber  a  theoretical  model  described  in  Ref  [3]  was  applied.  In  this  model  it  is 
assumed  that  the  spherical  charge  (of  radius  ri)  is  located  at  the  centre  of  a  spherical  explosion 
chamber  of  radius  rk  (Fig.  7).  The  chamber  is  filled  with  inert  gas,  i.e.,  no  reactions  take  place 
between  this  gas  and  the  detonation  products. 


Fig.  7.  Schematic  diagram  of  a  spherical  chamber. 

The  motion  of  the  gaseous  medium  in  the  chamber  was  described  by  the  equations  of  conti¬ 
nuity  of  mass,  momentum  flux  and  energy.  The  JWL  (Jones-Wilkins-Lee)  equation  of  state  was 
assumed  for  describing  the  thermodynamical  properties  of  the  detonation  products  and  a  poly¬ 
tropic  gas  model  was  used  for  inert  gas.  The  equations  of  motion  with  approximate  initial  and 
boundary  conditions  were  solved  numerically  by  the  Godunov’s  method  [4].  The  spherical  cham¬ 
ber  had  the  same  volume  as  the  chamber  used  in  experiments.  Densities  of  1.78  and  1.29  kg/m’ 


149  '  10 


and  politropic  exponents  1.67  and  1.4  were  assumed  for  argon  and  air,  respectively.  The  results  of 
modelling  are  presented  in  Figs.  8  and  9. 


Fig.  8.  Calculated  pressure  variations  at  a  spherical  chamber  wall  for  50  g  TNT 


Fig.  9.  Calculated  pressure  variations  at  a  spherical  chamber  wall  for  100  g  TNT 
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Comparison  of  the  average  pressures  in  argon  and  air  atmospheres  for  the  same  mass  of  TNT 
(Fig.  6)  shows  that  the  average  pressure  in  the  chamber  filled  with  air  is  higher  than  that  in  argon 
filler.  An  inverse  relation  was  obtained  from  calculations  by  assuming  an  inert  nature  of  gases 
(Figs.  8,  9).  Thus,  an  inference  can  be  drawn  that  reactions  between  the  detonation  products  of 
TNT  and  air  take  place  and  the  additional  energy,  increasing  the  pressure  in  the  chamber,  is  re¬ 
leased. 

3.2.  Thermochemical  calculations 

Thermochemical  calculations  were  made  by  using  TIGER  -  [5].  The  set  of  values  of  the  pa¬ 
rameters  a  =  0.50,  p  =  0.298,  k  =  10.50,  0  =  6620  for  the  BKW  equation  of  state  and  covolumes 
factors  for  species  were  taken  from  Refs.  [6-7].  The  detonation  velocity  of  6780  m/s  was  calcu¬ 
lated  for  TNT  of  density  1.58  g/cm*.  The  compositions  of  the  detonation  products  at  the  C-J  point 
and  at  1800  K  on  the  C-J  isentrope  are  presented  in  Table  2. 


Table  2.  Products  of  detonation  of  TNT 


Detonation  products[mol/kg]: 
CO2 

9,1645 

6,6608 

CO 

0,8433 

9,7009 

H2O 

6,0961 

3,3633 

N2 

5,7383 

6,3398 

H2 

0,8971 

2,2770 

CR, 

0,4227 

2,2848 

NH3 

1,7298 

0,5193 

HCOOH 

0,5734 

0,0149 

HCN 

0,0006 

0,0089 

NO 

0,0005 

0,0 

C(s) 

19,8141 

12,1474 

The  calculations  of  explosion  parameters  of  the  TNT/argon  or  TNT/air  mixtures  were  per¬ 
formed  by  using  TIGER  code.  It  was  assumed  in  the  first  approximation  that  carbon  from  the 
detonation  products  is  the  main  fuel.  The  influence  of  mass  of  unreacted  (frozen)  carbon,  me,  in  1 
kg  of  the  mixture  on  the  final  pressure  in  the  explosion  chamber  was  checked.  The  results  are  pre¬ 
sented  in  Figs.  10  and  11.  Symbols  EQ,  IS,  and  CJ  denote  the  values  of  carbon  mass  in  the  mix- 
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ture  at  an  equilibrium  state,  at  the  temperature  1800  K  on  the  C-J  isentrope,  and  at  the  C-J  point, 
respectively. 


Fig.  10.  Pressure  as  a  function  of  mass  of  unreacted  carbon  for  50  g  TNT 


Fig.  11.  Pressure  as  a  function  of  mass  of  unreacted  carbon  for  100  g  TNT 


149  -  13 


By  comparison  of  values  of  po  given  in  Table  1  with  plots  in  Figs.  10  and  11,  the  final  values 
of  carbon  mass  in  the  mixtures  were  established.  Then,  these  masses  were  frozen  and  the  compo¬ 
sitions  of  products  and  heats  of  reactions  were  calculated.  The  results  are  presented  in  Table  3. 

Table  3.  Compositions  of  reaction  products  corresponding  to  the  pressure  (po)  in  the  chamber 


Gas  in  the  chamber 

argon 

air 

Mass  of  charge  [g] 

50 

100 

50 

100 

Carbon  mass  in  mixture  [g/kgm] 

15 

20 

10 

0 

Products  [mol/kgrn]; 

N2 

1.1227 

1.9151 

22.117 

19.497 

H2O 

0.3211 

0.2868 

2.3597 

3.4598 

CO2 

0.1805 

0.1018 

5.0562 

3.6903 

CO 

3.8102 

7.1704 

0.7967 

7.2974 

C(s) 

1.2490 

1.6653 

0.8326 

0.0 

1.5506 

2.9051 

0.0279 

0.4643 

NO 

0.0 

0.0 

0.7825 

0.3533 

NO2 

0.0 

0.0 

0.0007 

0.0001 

O2 

0.0 

0.0 

1.5199 

0.1324 

Ar 

20.777 

17.773 

0.2714 

0.2230 

Reaction  heat  [cal/gTur] 

730  1 

612 

2880 

2080 

From  Table  3  it  follows  that  the  reaction  heats  of  TNT  charges  detonated  in  the  chamber  with 
argon  atmosphere  are  lower  than  the  explosion  heat  of  TNT  (about  1 100  cal/g).  Similar  effect  was 
observed  in  calorimetric  experiments  performed  in  Ref  [1].  Detonation  of  unconfined  charges  of 
TNT  in  an  evacuated  calorimetric  bomb  produced  energy  from  582  to  669  cal/g.  According  to 
author  of  Ref  [1],  the  detonation  products  of  TNT  were  reshocked  strongly  and  the  composition 
of  products  re-equilibrated  under  conditions  of  high  temperature  and  relatively  low  pressure.  This 
re-equilibration  led  to  an  increase  of  CO  and  H2  and  a  decrease  of  CO2,  H2O  and  solid  C  in  the 
products.  The  compositions  presented  in  Table  3  show  that  the  same  phenomenon  occurs  in  the 
chamber  with  argon  filler. 

In  the  case  of  air  in  the  chamber,  the  reaction  effects  are  higher,  as  compared  with  the  TNT 
explosion  heat,  of  about  1800  and  1000  cal/g  for  50  and  100  g  charges  of  TNT,  respectively.  De¬ 
spite  of  a  present  of  some  amounts  of  oxygen  in  the  final  compositions  of  the  reaction  products, 
the  afterburning  process  of  the  products  has  been  stopped.  This  means  that  mixing  of  the  detona- 
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tion  products  with  air  is  not  full  or  heat  losses  to  the  chamber  wall  cause  a  decrease  of  the  tem¬ 
perature  of  gaseous  medium  below  the  critical  temperature  of  oxidation  reactions. 

4.  Summary 

1.  The  overpressures  recorded  at  the  chamber  wall  after  detonation  of  TNT  charges  have  the  os¬ 
cillating  nature.  The  amplitudes  of  oscillations  decrease  with  time.  The  average  overpressure 
also  drops  off. 

2.  For  the  same  mass  of  TNT  the  average  pressure  in  the  chamber  filled  with  argon  is  lower  than 
that  in  the  chamber  with  air.  An  inverse  relation  is  obtained  from  calculations  when  a  model  of 
inert  gas  is  assumed  for  argon  and  air. 

3.  Estimated  heats  released  in  the  chamber  filled  with  argon  are  lower  than  the  explosion  heat  of 
TNT. 

4.  The  reaction  effects  in  the  chamber  filled  with  air  are  higher  than  the  heat  of  explosion  of  TNT 
(about  1800  and  1000  cal/gTNT  for  50  and  100  g  TNT,  respectively). 
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Abstract 

The  process  of  heat  releasing  during  combustion  and  detonation  of  condensed 
explosives  in  a  calorimetric  bomb  of  3.6  I  in  volume  was  investigated.  TNT,  RDX 
andHMX-based  explosives  were  used  in  tests.  The  bomb  was  filled  with  argon  or  air 
under  pressure  I  MPa.  The  combustion  and  detonation  heats  were  measured  for  both 
the  bomb  fillers.  Thermochemical  calculations  were  also  performed  for  the  explosive 
systems  tested.  The  calctdated  heat  effects  of  combustion  and  detonation  were  com¬ 
pared  with  measured  ones.  The  degree  of  afterburning  of  the  detonation  products  of 
explosive  used  in  the  bomb  calorimeter  tests  estimated. 

1.  Introduction 

Most  conventional  explosives  used  in  military  and  commercial  operations  are  not  oxygen  bal¬ 
anced.  For  example,  the  oxygen  balance  of  TNT  is  about  -75  %  and  that  of  RDX  or  HMX  is 
about  -21.6  %.  Consequently,  the  detonation  products  of  such  explosives  mixed  with  air  will  af¬ 
terbum  and  additional  energy  will  be  released. 

An  influence  of  detonation  conditions  on  a  heat  effect  of  explosive  was  investigated  by  D.  L. 
Omellas  [1].  Among  others,  the  calorimetric  heats  of  TNT  were  measured  in  [1]  and  the  values  of 
1093,  1116  and  3575  cal/g  were  obtained  for  TNT  charges  located  in  the  bomb  with  vacuum  or 
filled  with  carbon  dioxide  and  oxygen,  respectively.  Moreover,  different  heats  were  measured  after 
detonation  of  heavily  confined  and  unconfined  charges,  for  instance,  1093  and  632  cal/g  for  TNT 
and  1479  and  1334  cal/g  for  HMX  charges. 
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In  this  work  the  effect  of  a  type  of  gaseous  filler  of  the  calorimetric  bomb  on  the  heat  released 
during  combustion  or  detonation  was  examined.  TNT,  phlegmatized  hexogen  (RDXpu)  and 
phlegmatized  octogen  (HMXphi)  were  used  in  tests.  The  values  of  calorimetric  heats  were  com¬ 
pared  with  those  obtained  from  thermochemical  calculations. 

2.  Experimental  approach  and  results 

A  spherical  steel  bomb  of  a  volume  of  3.6  I  was  used  to  measure  heat  effects  of  combustion 
and  detonation.  The  bomb  was  placed  in  a  calorimetric  vessel.  The  heat  capacity  of  a  calorimeter 
system  was  12  944  ±  6  cal/°C. 

TNT  of  1.58  g/cm^  RDXphi  (RDX/(CH2)„  94/6)  of  1.68  g/cm’  and  HMXphi  (HMX/(CH2)„ 
96/4)  of  1.78  g/cm^  density  were  tested.  Weighed  samples  of  explosives  were  pressed  in  matrices 
of  inner  diameter  of  16  or  20  mm.  Each  charge  destined  for  detonation  had  a  fuse  cavity  8  mm  in 
diameter  and  15  mm  long.  The  charge  was  suspended  in  the  centre  of  the  bomb.  The  bomb  was 
evacuated  and  filled  with  argon  or  air  to  the  pressure  of  1  MPa. 

The  sample  of  explosive  destined  for  combustion  had  a  resistance  wire  to  ignite  the  combus¬ 
tion  process.  The  results  of  measuring  of  the  combustion  heats  of  explosives  tested  are  presented 
in  Table  1. 


Table  1.  Combustion  heat  effects  of  explosives  for  different  fillers  of  the  bomb 


Explosive 

Mass  of  sample 

[8l 

Gas 

Total  heat  effect 

[cal] 

Specific  heat  effect 
[cal/g] 

TNT 

10.206 

argon 

no  burning 

- 

9.244 

air 

33  430 

3616 

RDXph, 

8.128 

argon 

9  060 

1115 

9.495 

air 

26  680 

2810 

HMXphi 

8.317 

argon 

10  130 

1218 

9.286 

air 

24  960 

2688 

Electrical  fijses  were  used  to  initiate  detonation  of  charges.  The  fuse  was  made  of  primary  and 
secondary  explosives  closed  in  an  aluminium  cup.  To  estimate  the  energy  released  by  the  fuse  the 
TNT  charges  of  different  mass  was  detonated  in  the  bomb  filled  with  argon  or  air.  If  the  degree  of 
reaction  of  aluminium  and  the  explosion  products  of  the  fuse  with  the  gaseous  products  of  TNT 
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and  gas  filling  the  bomb  is  independent  of  the  mass  of  TNT  then  the  dependence  of  the  total  ex¬ 
plosion  heat  of  TNT  charge  with  the  fuse  on  the  TNT  mass  should  have  a  linear  form.  The  heat 
released  from  the  fuse  explosion  can  be  obtained  from  this  dependence.  The  values  of  the  total 
heat  effect  per  unit  mass  of  TNT  are  presented  in  Fig.  1  for  argon  and  in  Fig.  2  for  air  filling  the 
bomb.  For  the  latter,  the  results  measured  for  12  and  13  g  TNT  were  rejected  in  a  procedure  of 
estimation  of  the  linear  dependence  Q  =  Q(mTNT),  because  there  was  too  small  amount  of  oxygen 
in  the  bomb  to  bum  the  explosion  products  of  TNT  and  fiise. 

From  a  linear  approximation  of  the  calorimetric  results  presented  in  Figs.  1  and  2  the  energy 
effects  of  the  fuse  can  be  calculated.  The  values  of  2802  ±  109  cal  and  14253  +  80  cal  were  ob¬ 
tained  for  argon  and  air  in  the  bomb,  respectively.  This  values  were  assumed  for  further  calcula¬ 
tions  of  explosion  heats  on  the  basis  of  the  results  of  calorimetric  experiments. 

The  detonation  heat  effects  of  the  explosives  tested  are  shown  in  Table  2.  As  compared  with 
argon  atmosphere  the  heat  effect  of  detonation  in  air  increased  about  272  %  for  TNT,  118  %  for 
RDXph,  and  99  %  for  HMXph,. 


Fig.  1.  Total  heat,  Q,  of  TNT  charges  detonated  in  argon  as  a  function  of  TNT  mass,  miNr. 
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'"tnt  [9] 

Fig.  2.  Total  heat,  Q,  of  TNT  charges  detonated  in  air  as  a  function  of  TNT  mass,  miNT. 


Table  2.  Detonation  heat  effects  of  explosives  for  different  fillers  of  the  bomb 


Explosive 

Mass  of  sample 

[g] 

Gas 

Total  heat  effect 

[cal] 

Specific  heat  effect 
[cal/g] 

TNT 

10.318 

argon 

12  790 

968 

9.007 

air 

46  710 

3604 

RDXph, 

8.068 

argon 

12  950 

1258 

8.106 

air 

36  470 

2741 

HMXph, 

8.267 

argon 

13  850 

1336 

8.105 

air 

35  790 

2657 

3.  Calculations  and  discussion 

Thermochemical  calculations  were  performed  by  using  TIGER  -[2],  The  set  of  values  of  the 
parameters  a  =  0.50,  p  =  0.298,  k  =  10.50  and  ©  =  6620  for  the  BKW  equation  of  state  and  co¬ 
volumes  factors  for  gaseous  species  were  taken  from  Refs.[3-4]. 

Calculated  detonation  parameters,  compositions  of  products  and  heats  of  detonation  for  the 
explosive  used  in  experiments  are  presented  in  Table  3.  The  compositions  of  the  detonation  prod¬ 
ucts  at  the  C-J  state  and  at  the  temperature  1800  K  on  the  isentrope  beginning  at  the  C-J  state  are 
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shown.  The  detonation  products  set  at  1800  K  is  suggested  to  be  close  to  the  final  composition  of 
the  products  [1,  5],  The  heat  effect  corresponding  to  the  products  set  was  calculated  on  the  basis 
of  values  of  a  standard  enthalpy  of  formation  for  given  explosive  and  its  products. 


Table  3.  Calculated  detonation  parameters,  products  sets  and  heat  effects  of  the  explosive  tested 


Explosive 

TNT 

RDXpH, 

Detonation  velocity  [m/s] 

8445 

8880 

Detonation  temperature  [K] 

3690 

3780 

Detonation  pressure  [GPa] 

17.1 

27,6 

31,8 

State  of  products 

C-J 

1800  K* 

C-J 

1800  K* 

C-J 

1800  K* 

Products  [mol/kg„p,]: 

N2 

5,7383 

6,3365 

10,5509 

12,1167 

10,8822 

12,3946 

H2O 

6,0961 

3,3960 

7,6925 

5,3460 

7,0139 

CO2 

9,1645 

6,6774 

7,7341 

6,3459 

8,1908 

CO 

0,8433 

9,6348 

0,2155 

7,3170 

0,1260 

6,2251 

C(s) 

19,8141 

12,2228 

7,5009 

0,0 

5,8975 

H2 

0,8971 

2,2827 

0,8138 

3,3115 

0,5573 

2,9816 

NH3 

1,7298 

0,5260 

4,2855 

1,1498 

4,1623 

1,1366 

CH, 

0,4227 

2,2596 

0,5167 

3,2845 

0,4003 

HCN 

0,0006 

0,0089 

0,0001 

0,0077 

0,0 

HCOOH 

0.5734 

0,0153 

1,0057 

0,0181 

1,2025 

■11*1 

NO 

0,0005 

0,0 

0,0 

0,0043 

O2 

0,0 

0,0 

0,0 

0,0001 

Heat  effect  [cal/g„,pi] 

1306 

1090 

1436 

1262 

1449 

1314 

♦  temperature  of  the  detonation  products  rarefied  from  the  C-J  state  by  isentropic  means 


Comparison  of  calculated  heats  with  those  obtained  in  calorimetric  experiment  with  argon 
filler  shows  that  good  agreement  is  obtained  when  the  composition  frozen  at  1800  K  was  assumed 
for  calculations.  This  fact  confirms  the  hypothesis  presented  in  Refs.  [1,  5].  Only  explosion  heat 
measured  for  TNT  in  argon  atmosphere  is  slightly  smaller  than  that  calculated.  A  possible  cause  of 
this  discrepancy  is  the  construction  of  the  experimental  set-up  used  for  determining  the  detona¬ 
tion  heat.  In  the  experiments,  unconfined  charges  were  suspended  at  the  centre  of  the  bomb  and 
shock  wave  reverberations  can  influences  the  equilibration  process  of  the  detonation  products. 
Omellas  ([1])  tested  the  influence  of  confinement  and  no  confinement  on  the  explosion  heat  of 
TNT  charges  in  the  bomb  evacuated  to  a  pressure  of  about  50  pm  Hg.  Values  of  1093  and  632 
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cal/g  were  obtained  for  gold  confinement  and  no  confinement,  respectively.  According  to  Omellas, 
the  detonation  products  of  TNT  were  reshocked  strongly  when  unconfined  charge  was  used.  In 
our  opinion,  the  argon  atmosphere  with  the  pressure  of  1  MPa  plays  the  similar  role  during  the 
expansion  of  the  detonation  products  as  confinement  of  the  charge.  But,  the  argon  layer  surround¬ 
ing  the  charge  absorbs  smaller  amount  of  the  explosion  energy  than  a  solid  confinement.  Thus,  the 
shock  wave  reflected  from  the  wall  of  the  bomb  causes  only  partial  equilibration  of  solid  carbon 
content  and  the  calorimetric  explosion  heat  of  carbon  riched  TNT  is  slight  smaller  than  the  theo¬ 
retical  one  and  that  obtained  in  [1]  for  confined  charge. 

Table  4.  Calcutated  parameters  of  self-sustaining  combustion  of  the  explosive  tested 


Explosive 

TNT 

Combustion  temperature  [K] 

1830 

2725 

2950 

External  pressure  [MPa] 

1 

1 

1 

Freeze-out  temperature  [K] 

1800  K* 

1800  K* 

1800  K* 

Products  [mol/kg„pi]: 

N: 

6,1284 

12,6952 

12,9656 

H2O 

7,0286 

8,2309 

CO2 

0,0001 

1,3946 

1,9084 

CO 

26,4154 

15,5821 

13,9259 

C(s) 

3,4312 

0,0 

0,0 

H2 

10,5202 

9,9488 

7,6086 

NHj 

0,0004 

0,0005 

0,0004 

CH4 

0,0058 

0,0 

0,0 

HCN 

0,9644 

0,0 

0,0 

Heat  effect  [cal/g,»pi] 

597 

1057 

1149 

*  temperature  of  frozen  composition  of  the  reaction  products 


Temperatures  of  a  self-sustaining  combustion  process  were  calculated  by  assuming  an  exter¬ 
nal  pressure  of  1  MPa.  The  results  are  presented  in  Table  4.  The  compositions  of  combustion 
products  frozen  at  1 800  K  and  the  heat  effects  corresponding  to  these  compositions  are  also  given 
in  Table  4.  The  compositions  differ  insignificantly  from  the  products  sets  at  the  combustion  tem¬ 
perature  and  discrepancies  in  the  heat  effects  do  not  exceed  5  cal/g.  Heat  effect  calculated  for 
given  explosive  is  lower  than  that  measured  during  combustion  of  the  explosive  in  argon.  This 
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difference  is  caused  by  the  assumption  of  constant  pressure  of  combustion  products.  In  reality,  this 
pressure  increases  with  a  development  of  combustion 


Table  5.  Calculated  parameters  of  reaction  with  air  closed  in  the  bomb. 


Explosive 

TNT 

Explosion  temperature  [K] 

2706 

2222 

2125 

Explosion  pressure  [MPa] 

10,9 

9,3 

8,9 

Frozee-out  temperature  [K] 

1800  K* 

1800  K* 

1800  K» 

Products  [mol/kg„] : 

Nj 

23,3679 

24,3927 

24,4355 

H2O 

1,8933 

2.9197 

2,7209 

CO2 

5,3011 

2.9195 

2,7207 

CO 

0,0005 

0,0002 

0,0002 

NO 

0,1117 

0,1569 

0,1640 

NO2 

0,0010 

0,0019 

0,0021 

O2 

1,9713 

3,7286 

4,0691 

Ar 

0,2861 

0,2861 

0,2861 

Heat  effect  [cal/g„pi] 

3572 

2791 

2597 

*  temperature  of  frozen  composition  of  the  reaction  products 


Close  values  of  measured  heat  effects  of  detonation  and  combustion  of  given  explosive  in  air 
atmosphere  indicate  that  in  both  the  cases  the  explosive  products  and  air  equilibrate  under  similar 
conditions  of  high  temperature  and  relatively  low  pressure.  Accordingly,  the  products  of  reaction 
of  the  explosive  and  air  closed  in  the  bomb  can  be  calculated  by  assuming  that  an  explosion  of  the 
mixture  of  explosive  and  air  takes  place  in  a  constant  volume.  The  3.6  1  bomb  contained  32.67  g 
nitrogen,  10.05  g  oxygen  and  0.60  g  argon  at  the  temperature  21.5  °C  and  under  the  pressure  1 
MPa.  The  TNT  charge  of  9  g  mass  was  chosen  for  calculations.  It  was  assumed  that,  after  explo¬ 
sion,  the  products  were  cooled  in  a  constant  volume  and  the  composition  was  frozen  at  1800  K, 
The  results  of  calculations  are  presented  in  Table  5.  In  this  case  the  fractions  of  the  products  are 
given  in  moles  per  one  kilogram  of  the  mixture  of  explosive  and  air. 

From  comparison  of  the  heat  effects  shown  in  Table  5  with  calculated  detonation  heats  (Table 
3)  it  follows  that  the  additional  energies  released  due  to  afterburning  of  the  detonation  are  about 
228,  121  and  98  %  of  the  detonation  heats  of  TNT,  RDXphi  and  HMXphi,  respectively. 
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4.  Summary 

1.  Afterburning  of  the  products  of  explosives  detonated  in  the  calorimetric  bomb  filled  with  air 
leads  to  releasing  additional  energy  as  compared  with  the  bomb  filled  with  argon.  These  addi¬ 
tional  energies  are  272,  118  and  99  %  of  those  measured  in  argon  atmosphere  for  TNT,  RDXpu 
and  HMXphi,  respectively.  Calculated  effects  of  afterburning  of  the  detonation  products  are  228, 
121  and  98  %  of  calculated  detonation  heats  for  these  explosives. 

2.  In  the  case  of  argon  filler,  the  value  of  combustion  heat  is  lower  than  the  value  of  detonation 
heat  for  all  explosive  tested.  Results  of  calculations  indicate  that  the  initial  temperature  and  pres¬ 
sure  of  the  detonation  products  are  higher  than  those  of  the  combustion  products.  Conditions  of 
high  temperature  and  pressure  facilitate  oxidation  of  carbon  and  hydrogen  from  the  explosive. 

3.  In  the  case  of  air  filler,  the  value  of  heat  effect  of  combustion  is  higher  than  the  value  of  heat 
effect  of  detonation  for  all  explosive.  In  this  case  the  time-duration  of  the  process  is  a  main  factor 
influencing  the  effectiveness  of  the  afterburning  phenomena  in  the  bomb. 

4.  Good  agreement  between  measured  and  calculated  heat  effects  was  obtained  when  the  compo¬ 
sition  of  reaction  products  frozen  at  1800  K  was  assumed  for  the  heat  estimation. 

5.  The  heat  of  detonation  of  RDXphi  or  HMXphi  can  be  measured  by  use  of  unconfined  charge  in  a 
calorimetric  bomb  filled  with  argon,  but  a  solid  confinement  for  charge  must  be  apply  to  measure 
the  detonation  heat  of  TNT. 

This  work  was  partially  supported  by  the  DSWA  Contract  No.  DSWA01-97-C-0051  and  internal  Project 
PBZ  019-12  financed  by  the  PolishScientific  Research  Committee. 
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Abstract 

Two-component  mixtures  containing  magnesium  (Mg)  or  aluminium  (Al)  or 
their  alloy  (Al3Mg4)  and polytetrajluoroethylene  (TF)  have  been  investigated.  The 
heat  of  combustion  and  linear  burning  rate  were  determined  as  well  as 
differential  thermal  analysis  (DTA)  was  performed  for  mixtures  containing 
different  mass  concentration  of  metal  and  TF.  On  the  basis  of  experimental 
results  concentration  limits  of  combustibility  and  initiation  temperatures  of 
exothermic  reactions  in  combustion  wave  were  appointed.  The  analysis  of 
combustion  of  metal-TF  mixtures  was  performed  on  the  basis  of  theoretical  model 
given  in  literature  for  the  combustion  process  of  mixtures  with  classical  oxidiser. 

1.  Introduction 

Pyrotechnic  effects  (e  g.  white  or  coloured  light,  black  or  white  or  coloured  smoke, 
continuous  or  pulsating  sound,  compressed  gases,  heat  and  so  on)  are  produced  in  combustion 
processes  of  pyrotechnic  mixtures,  which  are  mainly  composed  from  a  fuel  and  an  oxidiser. 
Additives  or  modifiers  have  also  been  included  to  produce  more  saturated  coloured  flames,  to 
adjust  burning  rates,  to  produce  coloured  smoke  clouds,  and  to  increase  storage  life  and 
processing  safety  [1,2].  Qualitative  and  quantitative  optimisation  of  composition  of  pyrotechnic 
mixtures  is  aimed  to  maximise  a  needed  effect  by  using  minimal  quantity  of  mixture.  In  high 
energy  compositions  the  creating  of  the  highest  possible  chemical  combustion  energy  is  based 
either  partly  or  wholly  on  metal  powders,  as  for  example  aluminium  (Al)  or  magnesium  (Mg), 
oxidising  into  an  oxide  (AI2O3,  MgO).  As  an  oxidiser  there  are  often  used  different  nitrates, 
chlorates,  and  perchlorates  as  well  as  different  oxides  or  peroxides.  Sometimes  presence  of  the 
oxygen  in  combustion  products  of  some  mixtures  may  be  unprofitable.  Such  a  situation  takes  place 
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in  compositions  that  are  destined  for  generating  of  screen  clouds  to  stop  infrared  radiation  [3-6], 
An  improvement  of  effectiveness  in  camouflage  in  IR-region  may  be  reached  by  increasing  of 
quantity  of  carbon  particles  in  combustion  products,  thus  a  presence  of  oxygen  carrier  in  the 
composition  is  undesirable  because  a  part  of  carbon  is  oxidised  to  carbon  oxides  (CO,  CO2).  In 
order  to  avoid  oxidising  of  carbon,  a  mixture  of  organic  polychloride  compounds  and/or 
fluorocarbon  polymers  and  metal  powders  may  be  used  as  a  system  supporting  combustion  of 
pyrotechnic  compositions.  The  metal  powders  should  be  able  to  highly  exothermic  reactions  with 
chlorine  (fluorine)  bound  previously  with  carbon  atom.  As  an  oxidiser,  in  such  a  mixture,  can  be 
employed  hexachloroethane,  hexachlorobenzene,  polytetrafluoroethylene,  polyvinylidyne  fluoride. 

The  burning  rate  and  sensitivity  characteristics  of  pyrolants  containing  some  metals  and 
polytetrafluoroethylene  (TF)  have  been  studied  by  a  number  of  researchers  [7-10].  However,  there 
have  not  been  published  any  results  of  measurements  of  combustion  heat  and  burning  rate  for 
pyrolants  containing  an  alloy  of  aluminium  and  magnesium  (Al3Mg4).  In  this  study  the 
characteristics  were  determined  and  the  thermal  decomposition  process  was  measured  for  the 
A]3Mg4/TF  mixtures  made  up  of  different  mass  concentration.  The  same  investigations  were 
performed  for  Mg/TF  pyrolants.  On  the  basis  of  experimental  results  concentration  limits  of 
combustibility  at  0.1  and  0.5  MPa  and  initiation  temperatures  of  exothermic  reactions  in 
combustion  wave  were  appointed.  Furthermore  a  theoretical  analysis  of  combustion  of  the 
metal/TF  mixtures  was  performed  by  making  use  of  the  model  given  in  literature  for  the 
combustion  process  of  pyrolants  with  classical  oxidisers. 

2.  Experimental 

Powders  of  Al3Mg4  or  Mg  and  powder  of  TF  were  used  to  prepare  the  mixtures.  The  mean 
size  of  metal  grains  was  equal  to  75s-105  pm  and  the  contents  of  active  metal  exceeded  95%.  The 
contents  of  TF  was  changed  with  a  step  of  5%  within  the  range  from  20.5  to  80.5%  for 
Al3Mg4/TF  pyrolants  and  from  27.3  to  77.3%  for  mixtures  containing  Mg. 

2.1.  Heat  of  combustion 

Heat  of  combustion  was  measured  with  a  water  calorimetric  set  in  a  bomb  filled  with  argon  at 
0.5  MPa.  The  samples  were  prepared  in  the  form  of  about  5-gram  tablets  having  density  of  1500 
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kg/m’.  The  combustion  process  was  initiated  by  an  electrically  heated  igniter.  Its  heat  of 
combustion  had  been  exactly  known.  Fig.  1  shows  the  relationship  between  the  heat  of  combustion 
(Q)  and  the  concentration  of  TF  (r|)  in  Al3Mg4/  TF  and  Mg/TF  mixtures. 


Fig.  1.  Heat  of  combustion  as  a  function  of  the  concentration  of  TF. 

The  heat  of  combustion  (Q)  increases  with  increasing  contents  (t|)  of  TF  within  the  range 
from  30  to  65%.  Further  increase  of  r|  causes  decrease  of  Q.  The  maximum  Q  values  were 
obtained  for  the  following  mixtures 

62.3%  TF  +  37.7%  Mg 
65.5%  TF  +  34.5%  Al3Mg4 

Both  of  the  compositions  correspond  to  contents  of  TF  which  are  poorer  (on  5%)  than  the 
following  stechiometric  reactions 

2Mg  +  C2F4  =  2MgF2  +  2C;  (Mg/TF  =  67,3/32,7) 

4Al3Mg4  +  I7C2F4  =  16MgF2  +  I2AIF3  +  34C;  (Al3Mg4/TF  =  70,5/29,5) 

The  reason  for  maximisation  of  Q  in  compositions  which  contained  less  metal  than  the 
stechiometric  ones  is  an  use  of  partly  oxidised  metals  to  prepare  mixtures. 
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In  the  tests  no  reactions  took  place  in  the  mixtures  containing  less  than  30%  and  more  than 
75%  of  TF,  so  the  range  of  t|  from  30  to  75%  is  the  concentration  area  of  combustibility  under 
the  pressure  of  0.5  MPa. 

2.2.  Decomposition  characteristics 

The  thermal  decomposition  processes  of  TF/metal  pyrolants  were  measured  with  differential 
thermal  analysis  technique  (DTA).  Nitrogen  at  0.1  MPa  was  used  as  an  atmosphere  and  the 
heating  rate  was  10  K/min.  The  temperature  in  the  DTA  increased  up  to  1300  K.  Concentrations 
of  TF  were  67.3  or  52.3%  in  the  Mg/TF  mixtures  and  70.5  or  55.5%  in  the  Al3Mg4/TF  mixtures. 
The  0.2-gram  samples  were  not  pressed  to  tablets.  Fig.  2  shows  the  DTA  curves  for  TF  and  for 
investigated  pyrolants. 

The  endothermic  peak  between  600  and  630  K  which  is  observed  on  all  curves  coincides  with 
the  melting  temperature  of  TF  (curve  1).  Then  the  TF  decomposes  within  the  range  from  780  to 
900  K.  On  the  curves  2  and  2’  there  is  the  second  endothermic  peak  within  the  range  from  900  to 
930  K.  This  range  of  temperatures  corresponds  to  the  melting  temperature  of  Mg,  so  Mg  has  not 
reacted  completely  with  TF.  Melting  of  Al3Mg4  takes  place  between  710+740  K  and  this 
temperature  is  lower  then  the  initial  temperature  of  TF  decomposition  (780  K).  The  very  intensive 
exothermic  peaks  (especially  for  AlsMg/TF  pyrolants)  which  begin  at  about  780  K  are  results  of 
exothermic  reactions  between  metals  and  TF,  so  T,  =  780  K  can  be  found  as  an  initiation 
temperature  of  exothermic  reactions  in  burning  wave. 

The  DTA  curves  show  that  the  reactions  start  after  decomposition  of  TF  and  they  are  much 
faster  when  the  metal  is  already  in  liquid  state.  In  other  words,  the  rate  of  heat  production  just  on 
and  behind  the  burning  surface  increases  rapidly  due  to  suitable  form  of  fuel  to  react  (droplets  of 
Al3Mg4  instead  of  solid  particles).  That  is  why  the  exothermic  heat  capacity  for  Al3Mg4/TF  is 
much  higher  then  that  for  Mg/TF  and  why  the  initiation  temperature  decreases  and  exothermic 
effect  increases  meaningfully  with  increasing  concentration  of  Al3Mg4  in  the  mixture.  In  case  of 
solid  Mg  particles,  the  influence  of  their  concentration  on  decomposition  characteristics  is  rather 
small.  The  oxidation  reaction  of  the  Mg  particles  is  considered  to  occur  from  the  surface  and 
reaction  completes  at  far-downstream  of  the  pyrolant  burning  surface,  so  the  heat  is  mostly 
released  in  gas  phase  and  cannot  be  registered  in  DTA  technique. 
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Fig.  2.  DTA-curves  for  TF  (1)  and  for  its  mixtures  with:  32.7%  of  Mg  (2),  and  47.7%  ofMg  (2’) 
and  29.5%  of  Al3Mg4  (3)  and  44.5%  of  Al3Mg4  (3’). 

2.3.  Burning  rate 

To  measure  the  linear  burning  rate  the  samples  of  metal/TF  pyrolants  were  made  as  pressed 
pellets.  The  size  of  each  pellet  was  30  mm  in  diameter  and  60  mm  in  length  and  the  density  was 
1500  kg/m^  or  2000  kg/m^.  The  burning  rate  (u)  of  the  pellets  was  measured  under  atmospheric 
pressure  with  a  set  shown  in  Fig.  3.  Each  pellet  (1)  was  ignited  by  an  electrically  heated  igniter 
which  was  attached  to  the  top  of  the  pellet  (2  and  3).  Time  of  covering  the  distant  between 
crevices  (5)  in  screen  (4)  by  burning  wave  was  measured  by  a  time  recorder  (7)  that  was  started 
and  stopped  by  photodiodes  (6). 
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The  results  of  burning  rate  measurements  for  each  composition  and  density  are  shown  in  Fig.  4. 


Fig.  3.  Scheme  of  the  set  to  measure  burning  rate.  1  -  pellet  of  pyrolant,  2  and  3  -  igniter,  4  - 
screen,  5  -  crevices,  6  -  photodiodes,  7  -  time  recorder. 


Fig.  4.  Burning  rate  versus  the  contents  of  TF  for  different  density  of  the  pellets. 
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The  burning  rate  decreases  with  increasing  density  and  contents  of  TF.  The  Mg/TF  pyrolants 
burn  slower  than  composition  containing  AlsMg*  and  the  burning  rate  of  Mg/TF  mixtures  depends 
weakly  on  TF  contents.  The  same  relationship  for  Al3Mg4/TF  pyrolants  is  much  stronger, 
especially  for  low  density  of  pellet.  When  the  content  of  Al3Mg4  is  high  the  burning  rate  is  about 
ten  times  faster  than  that  for  composition  being  close  to  stechiometric  one.  At  0. 1  MPa  the  Mg/TF 
pyrolants  can  combust  in  stable  manner  when  the  contents  of  TF  is  within  the  range  from  37.3  to 
52.3%.  For  Al3Mg4/TF  mixtures  the  range  of  admissible  composition  changes  is  twice  as  wide  as 
for  the  previous  ones.  But  in  order  to  assure  a  stability  of  combustion  process  at  0.1  MPa  it  is 
necessary  to  use  compositions  which  contain  more  Mg  or  Al3Mg4  (on  10-^15%)  than  in 
stechiometric  ones. 

Like  as  the  decomposition  characteristics,  the  relationship  u  =  {{tj)  shows  that  liquid  state  of 
fuel  makes  easier  combustion  initiation  and  exothermic  reactions  just  on  and  behind  the  burning 
surface  of  the  Al3Mg4/TF  pyrolants.  The  amount  of  heat  released  next  to  the  burning  surface  in 
consequence  of  this  reaction  is  significantly  higher  than  for  Mg/TF  mixtures.  Solid  particles  of 
magnesium  are  considered  to  be  borne  by  TF  decomposition  products  from  burning  surface  and 
they  are  oxidised  less  or  more  completely  far  from  it.  The  highest  temperature  is  at  some  distance 
behind  the  burning  surface  and  for  that  reason  the  heat  flux  feedback  from  the  gas  phase  to  the 
burning  surface  is  relatively  small  and  the  burning  rate  is  relatively  small  too  (Fig.  4), 

3.  Calculation  of  a  burning  wave  velocity 

A  schematic  representation  of  the  combustion  wave  of  metal/TF  pyrolats  is  shown  in  Fig.  5. 
In  zone  I,  no  chemical  reactions  occur  and  a  fuel  (metal)  and  an  oxidiser  (TF)  are  in  solid  phase. 
Temperature  increases  from  the  initial  temperature  To  due  to  the  conductive  heat  flux  (Qk).  A 
burning  wave  front  separates  the  solid  phase  and  liquid  phase  of  metal.  In  zone  II.  a  part  of  metal 
can  react  with  oxidiser  in  solid  phase  and  the  heat  (Qf)  from  condensed  phase  is  released.  At  the 
burning  surface  a  phase  change  of  oxidiser  from  solid  to  gas  occurs  and  behind  this  surface  metal 
particles  are  overflowed  by  gaseous  products  of  oxidiser  decomposition.  In  zone  III,  temperature 
increases  rapidly  from  Tf  at  the  burning  surface  to  the  flame  temperature  Tg  due  to  exothermic 
reactions  in  gas  phase. 
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Fig.  5.  Combustion  wave  structure  and  heat  transfer  model  of  a  solid  propellant 

It  is  assumed  that  the  burning  process  is  stationary  in  the  frame  of  reference  fixed  at  the 
burning  surface.  Then  the  overall  heat  balance  at  the  burning  surface  can  be  written  as  follows  [11] 

U  Po  [t1  lu  +(l  -  Tl)  lln  +  Cj  (Tf  -  To)]  =  Qk  +  Qr  +  Qf  (31) 

where  u  denotes  a  linear  burning  rate,  po  -  density  of  the  metal/TF  mixture,  r|  -  mass  fraction  of 
TF,  1„  -  heat  of  melting  and  decomposition  of  TF,  1„‘  -  melting  heat  of  metal,  ct  -  specific  heat  of 
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the  mixture,  Qt,  Q,  -  conductive  and  radiative  heat  flux,  respectively,  Qf  -  heat  from  condensed 
phase. 

The  expression  for  Qk,  Qr  and  Qf  are  given  in  paper  [11],  Equation  (3.1)  was  solved 
numerically  for  the  TF/metal  mixtures  with  parameters  given  in  Table  1.  The  results  are  presented 
in  Figs.  6  and  7. 


Table  1.  Parameters  used  in  calculations 


Parameter 

Al3Mg4/TF 

particle  diameter  do  [mm] 

90 

90 

initial  temperature  To  [K] 

293 

293 

temperature  at  the  burning  surface  Tf  [K] 

780 

780 

flame  temperature  T,  [K] 

2540 

2540 

melting  and  decomposition  heat  of  TF  !„  [kJ/kg] 

1137.3 

1137.3 

combustion  heat  of  metal  in  gaseous  C2F4  Hu  fkJ/kg] 

32482 

33493 

metal  density  Pm  fkg/m^l 

1740 

2150 

melting  heat  of  metal  U*  [kJ/kg] 

368.2 

152.9 

23.8  10-* 

23.8  lO"* 

specific  heat  of  a  TF/metal  mixture  Ct  [kJ/kg] 

1.224 

1.225 

heat  conductivity  of  C2F4  X  rkJ/(k  s  m)] 

0.1 

0.1 

fi-action  of  fluoride  in  the  mixture  ^ 

0,76 

0.76 

emission  of  condensed  products  of  combustion  e 

0,8 

0,8 

fraction  of  metal  burned  in  condensed  phase  C 

0 

0 

Satisfactory  agreement  between  measured  and  calculated  velocities  of  burning  wave  in  the 
Mg/TF  mixtures  was  obtained  for  whole  tested  range  of  TF  concentration.  But  significant 
discrepancies  between  experimental  and  theoretical  results  appear  for  the  AlsMgVTF  mixtures  of 
density  of  1500  kg/m^.  However,  quite  good  agreement  was  obtained  also  in  this  case,  when  the 
reaction  of  12  %  Al3Mg4  =  0,12)  with  TF  in  condensed  phase  was  assumed.  This  assumption  is 
justifiable  because  the  DTA  curves  of  Al3Mg4ArF  mixtures  of  high  contents  of  metal  show  that  the 
initial  temperature  (Tr)  of  exothermic  reaction  is  lower  than  the  temperature  of  TF  decomposition 
(curve  3’ in  Fig.  2). 


u  [mm/s]  g  U  [mm/s] 


ntal  and  calculated  velocities  of  burning  wave  in  the  Mg/TF  mixture 


Fig.  7.  Experimental  and  calculated  velocities  of  burning  wave  in  the  Al3Mg4/TF  mixture 
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Experimental  and  calculated  values  of  the  linear  velocity  of  burning  wave  of  the  metal/TF 
mixtures  are  very  low.  From  analysis  of  the  calculation  results  it  follows  that  the  radiative  heat  flux 
is  a  main  way  of  heat  transport  to  the  burning  surface.  The  radiative  heat  flux  divided  by  the  total 
heat  flux  and  the  reaction  zone  widths  in  gaseous  phase  are  presented  in  Table  2  for  the  metal/TF 
mixtures  of  1500  kg/m^  density.  Heat  from  condensed  phase  was  neglected  in  calculations. 

Table  2.  Calculated  burning  velocities,  widths  of  reaction  zone  and  fractions  of  radiative  flux  in 
total  heat  flux  for  the  mixtures  of  density  1500  kg/m^ 


Mixture 

n 

u  [mm/s] 

Ax  [mm] 

— — -  [%] 

Qr+Qlc 

0.523 

0.97 

1.52 

98 

Mg/TF 

0.473 

1.04 

0.93 

96 

0.423 

1.13 

0.58 

94 

0.273 

1.25 

0.37 

91 

0.605 

1.22 

0.30 

76 

AlaMg/TF 

0.505 

1.72 

0.13 

58 

0.405 

2.64 

0.08 

41 

0.305 

4.52 

0.05 

26 

The  results  presented  in  Table  2  show  that  an  increase  of  the  metal  concentration  causes 
increasing  of  the  velocity  of  burning  wave  and  a  decrease  of  the  reaction  zone  width  and  the 
conductive  heat  flux.  Moreover,  the  widths  of  reaction  zone  are  much  lower  for  the  AlsMg^/TF 
mixture  than  those  for  the  Mg/TF  mixture.  This  means  that  exothermic  reactions  proceed  in  near 
vicinity  of  the  burning  surface  in  AlaMg/TF  pyrolants.  In  this  case  the  metallic  component  is  in 
liquid  phase  and  this  fact  facilitates  the  exothermic  reactions  with  the  gaseous  oxidiser, 

4.  Summary 

1.  Stable  combustion  of  the  Mg/TF  and  AlaMg/TF  mixtures  is  possible  for  a  wide  range  of  TF 
concentration  from  30  to  70  %. 

2.  DTA  curves  for  the  mixtures  tested  show  that  the  exothermic  reaction  begin  when  gaseous 
products  of  TF  decomposition  occur  at  the  temperature  of  about  780  K.  Alloy  Al3Mg4  is  in 
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liquid  phase  at  this  temperature  and  this  fact  facilitates  its  reaction  with  TF  decomposition 
products. 

3.  Stable  combustion  under  atmospheric  pressure  is  possible  when  concentration  of  TF  is  from 
37.3  to  52.3  %  or  from  30.5  to  60.5  %  for  the  mixtures  with  Mg  and  Al3Mg4,  respectively. 
Pyrolants  containing  Mg  bum  slowly  than  those  with  Al3Mg4. 

4.  Similar  to  the  decomposition  characteristics  of  the  pyrolants  tested,  also  a  relationship  between 
the  linear  velocity  of  burning  and  the  concentration  of  TF  shows  that  metal  in  liquid  phase 
makes  combustion  process  easier. 

5.  The  theoretical  model  applied  in  calculations  of  the  burning  velocity  describes  in  saticfactory 
manner  the  process  of  combustion  of  metal/TF  mixtures.  There  is  a  good  qualitative  agreement 
between  the  experimental  and  calculated  linear  velocities  of  combustion  of  the  Mg/TF  and 
Al3Mg4/TF  mixtures. 

This  paper  was  accomplished  within  the  framework  of  the  Project  PBZ  019-12  financed  by  the  Scientific 
Research  Committee. 
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LDV-Vermessung  reaktiver  Stromungsfelder  in  einer  Brennkammer 

J.  Backhaus,  A.  Brock,  L.  Deimling 


Abstract 

An  existing  combustion  chamber  with  fuelinjection  against  the  main  airstream  was  mo¬ 
dified  for  performing  flowmeasurements  by  the  application  of  the  Laser-Doppler- 
Velocimetry  (LDV).  Test  measurements  in  a  turbulent  free  jet  were  performed  to  prove 
the  correct  function  of  the  measuring  system.  They  showed  a  good  aggreement  with  li¬ 
terature  values.  Flowfieldmeasurements  in  the  combustion  chamber  indicated  high  tur- 
bulenceratios  in  the  entrance  area  and  near  to  the  injection  nozzle  as  it  was  expected. 
The  Variation  of  the  air  to  fuel  ratio  showed,  that  in  any  case  the  fuelinjection  velocity 
was  too  low  for  getting  a  complete  mixing  with  the  air  over  the  full  range  of  the  cham¬ 
ber  radius.  By  using  the  calculated  waste  gas  volumestream  the  air  ratio  of  the  combu¬ 
stion  was  obtained  and  showed  that  the  reaction  was  incomplete. 

1  Einfiihrung 

Die  Entwicklung  und  Erprobung  neuer  Antriebskonzepte  fur  feste  Brennstoffe  ist  ein 
wichtiger  Forschungsschwerpunkt  am  Fraunhofer  Institut  fur  Chemische  Technologic. 

In  diesem  Zusammenhang  wird  die  Einsatzfahigkeit  von  Festbrennstoffen  wie  Bor  in 
luftatmenden  Kombinationsantrieben,  die  eine  Weiterentwicklung  des  Staustrahlkon- 
zeptes  darstellen,  untersucht. 

Neben  dem  Nachweis  der  prinzipiellen  Eignung  von  Bor  bei  Staustrahiverbrennung  zeigt 
sich,  daB  bei  diesem  Brennstoff  die  Stromungs-  bzw.  Mischungsverhaltnisse  in  der 
Brennkammer  von  besonders  groBem  EinfluS  sind.  Chemische  Vorbehandlungen,  wie  z. 
B.  ein  Qberziehen  der  Feststoffpartikel  mit  speziellen  verbrennungsfbrdernden  Substan- 
zen  (Coating)  zeigen  bei  Bor  entgegen  den  Erfahrungen  mit  anderen  Festtreibstoffen 
kaum  eine  Wirkung  [1].  Daher  stehen  die  Stromungsverhaltnisse  in  der  Brennkammer 
bei  der  weiteren  Optimierung  im  Mittelpunkt  des  Interesses. 

Die  Realisierung  der  Borverbrennung  in  einer  eigens  dafur  konstriuierten  Versuchs- 
brennkammer  war  Teil  vorangegangener  Arbeiten  am  ICT,  wobei  die  Stromungsver¬ 
haltnisse  aber  zunachst  unberucksichtigt  blieben.  Ziel  der  vorliegenden  Untersuchung  ist 
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es  daher,  die  bestehende  Brennkammer  fur  die  Stromungsvermessung  zuganglich  zu 
machen,  urn  mit  den  MeSergebnissen  die  der  Konstruktion  zu  Grunde  legenden  An- 
nahmen  zu  verifizieren  und  Optimierungsmoglichkeiten  aufzuzeigen. 

Auf  Grund  der  hohen  Verbrennungstemperaturen  und  der  weitgehend  stationaren 
Verbrennungsverhaltnisse  wurde  dte  Laser-Doppler-Velocimetrie  fur  die  Vermessung  der 
Brennkammerstromung  ausgewahit.  Bei  dieser  Methode  wird  am  MeBpunkt  bzw.-Vo- 
lumen  durch  die  Interferenz  zweier  Laserstrahlen  ein  Streifenmuster  bekannter  Geome- 
trie  erzeugt,  Eigens  zu  diesem  Zwecke  der  Stromung  zugesetzte  Tracerpartikel  blinken 
beim  Durchflug  durch  dieses  Muster  mit  einer  ihrer  Geschwindigkeit  direkt  proportio- 
nalen  Frequenz.  Mit  einer  geeigneten  Auswerteelektronik  kann  somit  die  Stromungsge- 
schwindigkeit  im  MeBvolumen  kalibrierfrei  ermittelt  warden. 

Die  direkte  Anwendung  dieses  Verfahrens  auf  die  Borverbrennung  ist  aber  sehr  proble- 
matisch,  da  mit  dem  Bor  bereits  Partikel  in  der  Stromung  sind,  die  die  Streulichtmessung 
der  Tracerpartikel  sehr  erschweren.  Der  Einsatz  der  Borpartikel  selbst  als  Tracer  ist  zwar 
denkbar,  aber  wenig  sinnvoll,  da  im  Falle  der  beabsichtigten  vollstandigen  Verbrennung 
hinter  der  Flammenfront  die  Partikelkonzentration  stark  abnehmen  und  somit  eine  Mes- 
sung  in  dieser  besonders  interessanten  Zone  unmoglich  wQrde. 

Daher  wurden  die  befeuerten  Stromungsmessungen  mit  einem  gasformigen  Modell- 
brennstoff  (Acetylen)  durchgefuhrt,  wobei  mit  MgO  eine  Tracersubstanz  zur  Anwen¬ 
dung  kam,  deren  Dichte  und  mittlerer  Partikeldurchmesser  in  der  selben  GroBenordung, 
wie  die  von  Bor  liegen.  Durch  die  Eindusung  dieses  Tracers  an  Stelle  von  Bor  kann  somit 
auch  das  Eindringverhalten  der  Partikel  in  die  Luftstromung  untersucht  werden. 


2  Experimenteller  Aufbau 

Die  Abbildung  1  zeigt  den  grundsatzlichen  Aufbau  der  Versuchsanlage: 


I  Rad^  \  Tracerzufuhr,  |  Bemhigungsstrecke,  |kQhlA/erst^iebbarerStaukdrper,;Einlauf-|  Brennkammer  mit 

I  Gdilase  f  Bemhigungsstrecke  |  optionaler  Heizbrenner  |  optionale  Gaszufuhr  i  Duse  |  Gegenstrombrennsioffduse 

Abb.  1:  Schematischer  Aufbau  der  Versuchsanlage 
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Die  Ober  ein  Radialgeblase  angesaugte  Luft  wird  uber  einen  PreBluftstrom  mit  zwi- 
schengeschalteten  Burstenpartikelgenerator  mit  MgO-Tracern  angereichert.  Nach  einer 
ersten  Beruhigungsstrecke  erfoigt  die  Eingangsdruck-  und  Volumenstrommessung.  Die 
anschlieBende  zweite  Beruhigungsstrecke  kann  bei  spateren  Untersuchungen  den  fur 
die  Borverbrennung  notigen  Vorheizbrenner  aufnehmen.  Von  hier  gelangt  die  Luft- 
stromung  in  den  Einlaufbereich  der  Brennkammer,  in  dem  der  Strdmungsquerschnitt 
mit  Hilfe  eines  Staukdrpers  zu  einem  Ringspait  verjungt  wird,  dessen  Flache  gleich  dem 
halben  Querschnitt  der  Brennkammeraustrittsduse  ist. 

Dm  bei  spateren  Messungen  mit  Vorheizbrenner  ein  Oberhitzen  des  Staukdrpers  zu 
vermeiden,  ist  dieser  wasserkuhibar  ausgefiihrt.  AuBerdem  wurde  eine  weitere  Gaszu- 
fuhr  vorgesehen,  mit  der  auch  Versuche  mit  konzentrischem  Doppelstrahl  gefahren 
warden  kdnnen.  Die  fur  die  Messungen  verwandte  Gegenstromgaszufuhr  kann  mittels 
Regelelektronik  auf  den  gewtinschten  Volumenstrom  eingestellt  warden, 

Einen  Schnitt  durch  die  Brennkammer  zeigt  Abbildung  2 


Abb.  2:  Schnitt  durch  die  Brennkammer  (in  Stromungsrichtung) 


Die  Gegenstrombrennstoffduse  ist  mittig  im  Kammerrohr  montiert,  welches  mit  bis  zu 
acht  optischen  Zugangen  ausgestattet  warden  kann.  Dm  die  Strdmungsverhaltnisse  im 
interessierenden  vorderen  Kammerbereich  so  wenig  wie  mdglich  zu  stdren,  wurden  die 
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drei  nicht  benotigten  Offnungen  mit  der  Kammerkontur  angepaBten  Blindblenden  ver- 
schlossen, 

Bei  der  Ausfuhrung  des  optischen  Zugangs  fiir  das  LDV  muBten  folgende  Probleme  be- 
rucksichtigt  werden,  die  bei  Vorversuchen  mit  einfachen  Fenstereinsatzen  auftraten: 

•  Tracerpartikelniederschlag  auf  den  Fensterscheiben,  der  die  LDV-Messungen  schon 
nach  wenigen  Minuten  stark  beeintrachtigte. 

•  VerruBen  der  Fensterscheiben  in  der  Zundphase  (manchmal  schon  nach  30  Sek.) 

•  Verformung  und  Springen  der  Quarzgiasscheiben  nach  Versuchszeiten  >  20  Min. 
AuBerdem  beeinflussen  diese  Zugange  die  zu  vermessende  Brennkammerstromung  er- 
heblich,  da  sie  unstetige  Querschnittsenweiterungen  darstelien. 

Fine  einfache  Losung  dieser  Probieme  konnte  gefunden  werden,  weil  zur  eindimensio- 
nalen  Vermessung  der  Axialgeschwindigkeiten  in  der  waagerechten  Durchmesserebene 
der  Brennkammer  prinzipiell  nur  ein  langlicher  Schlitz  erforderlich  ist,  dessen  Fiohe  et- 
was  groBer  als  der  Durchmesser  der  beiden  hindurchtretenden  Strahlen  sein  sollte, 

Daher  wurde  eine  Schlitzbiende  gefertigt,  wie  sie  in  Abb.  2  zu  sehen  ist.  Um  ein  Aus- 
blocken  der  Laserstrahlen  an  Schlitzkanten  fur  den  Fall  von  leichten  Dejustierungen  zu 
verhindern,  wurde  der  Schlitz  sich  nach  auBen  offnend  vorgesehen.Auf  der  Kammersei- 
te  hat  die  Blindblende  wieder  die  Wolbung  des  Kammerrohres,  womit  die  Storung  der 
Kammergeometrie  auf  ein  Minimum  reduziert  ist.  Um  Tracer-  bzw.  RuBablagerungen 
auf  der  Quarzgiasscheibe  zu  verhindern,  wurde  zwischen  Fenster  und  Fensterrahmen 
ein  Distanzstuck  eingesetzt,  durch  welches  hinter  dem  Schlitz  ein  Totvolumen  entsteht. 
Ober  eine  Spulluftzufuhr  kann  ein  schleichender  Spulstrom  in  die  Flauptstromung  er- 
zeugt  werden,  der  das  Eindringen  von  Partikein  und  die  Warmeubertragung  an  die 
Quarzgiasscheibe  erschwert. 

3  Messungen 

Um  die  einwandfreie  Funktionsweise  des  MeBaufbaus  nachzuweisen,  wurden  zunachst 
isotherme  und  befeuerte  Freistrahimessungen  an  der  Brennkammeraustrittsduse  durch- 
gefuhrt,  deren  Ergebnisse  Abbildung  3  zeigt: 
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Abb.  3:  Normierte  Axialgeschwindigkeitsverlaufe  (oben)  und  Volumenstrome  (unten)  im 
isothermen  (links)  und  befeuerten  Freistrahl  (rechts) 


Fur  den  isothermen  Fall  (Abb  3,  links  unten)  ergab  sich  ein  leichter  Anstieg  des  Volu- 
menstromes  V°,  der  das  Entrainement  von  Umgebungsluft  wiedergibt.  Der  erwartete 
Starke  Volumenstromanstieg  bei  Verbrennung  (Abb.  3,  rechts  unten)  wurde  aber  nicht 
gemessen,  was  auf  unvollstandige  Verbrennung  hindeutet. 

Um  MeBmethode  und  -werte  zu  verifizieren,  wurden  letztere  mit  Literaturwerten  von 
Lenze  [2]  verglichen: 


Abb.  4:  Vergleich  der  gemessenen  (Punkte)  und  den  nach  Lenze  berechneten  normierten 
Geschwindigkeitsmittelwerte  im  isothermen  Freistrahl 

Wie  Abbildung  4  zeigt,  wurde  eine  weitgehende  Ubereinstimmung  festgestellt. 
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Bei  den  Messungen  im  Innern  der  Brennkammer  sollten  die  Profile  der  Axialgeschwin- 
digkeiten  in  der  Mischungszone  zwischen  Luft  im  Hauptstrom  und  dem  eingedOsten 
Brennstoff  im  Gegenstrom  aufgenommen  warden.  An  Hand  dieser  sollte  geklart  war¬ 
den: 

1 .  ob  sich  eine  auBere  Ruckstrdmzone  am  Brennkammereintritt  ausbildet 

2.  welche  Turbulenzgrade  durch  die  Gegenstromeindiisung  erzeugt  warden 

3.  wie  tief  der  Brennstoffstrom  in  den  Luftstrom  eindringt 

Das  fur  diese  Messungen  verwandte  MeBfeld  und  die  geometrischen  Verhaltnisse  zeigt 
Abbildung  5: 


4  Ergebnisse 

Entgegen  den  En/vartungen  nehmen  die  einlaufnahen  Axialgeschwindigkeitsverlaufe 
(Abb.  6,  schwarz)  in  Wandnahe  keine  negativen  Werte  an.  Die  hohen  Turbulenzgrade  in 
dieser  Zone  deuten  aber  darauf  bin,  daB  sich  eine  auBere  Ruckstrdmzone  zwar  direkt 
nach  der  Einlaufkante  bildet,  jedoch  nicht  bis  in  den  MeBbereich  hineinreicht. 


Abb.  6:  Stromungsverhaltnisse  bei  isothermer  Durchstromung  der  leeren  Brennkammer 

Das  isotherme  Eindringverhalten  des  Brennstoffgegenstroms  bei  drei  unterschiedlichen 

Hauptluftvolumenstromen  ist  in  Abbildung  7  aufgetragen: 
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Abb.  7:  Verlaufe  der  mittleren  Geschwindigkeit  (links)  und  des  Turbulenzgrades  (rechts) 
bei  verschiedenen  Hauptluftvolumenstromen 


Je  kleiner  der  eingestellte  Hauptluftvolumenstrom,  umso  starker  werden  die  Geschwin- 
digkeitsprofile  u  in  der  Nahe  der  Gegenstromduse  vermindert  bzw.  zu  negativen  Wer- 
ten  verschoben.  Besonders  aufschluBreich  ist  die  Auftragung  der  zugehorigen  Turbu- 
lenzgrade  Tu:  Hierbei  zeigen  sich  zwei  Zonen  erhohter  Turbulenz:  am  Rand  und  in  Dii- 
sennahe.  Bei  einem  Radius  zwischen  35  und  45  mm  haben  alle  Turbulenzverlaufe  ein 
Minimum,  was  darauf  schlieBen  laBt,  daB  auch  die  turbulente  Durchmischung  von  Luft- 
und  Brennstoffstrom  nur  bis  zu  diesem  Radius  reicht,  Diese  Vermutung  bestatigt  sich  in 
Abbildung  8,  in  der  Geschwindigkeits-  und  Turbulenzgradverlaufe.jeweils  fur  den  iso- 
thermen  und  den  befeuerten  Fall  aufgetragen  sind: 
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ax.  DQsenabstand 

Kammerkoordinate 

a/mm 

x/m 

-o-u 

-»-u,befeuert 

-o-Tu 

Tu,befeuert 

0  lOaPWMHHTOa  tt2P304eHn70 


r  /  mn  r  /  im 

Abb.  8:  Verlaufe  der  mittleren  Geschwindigkeit  (links)  und  des  Turbulenzgrades  (rechts) 
bei  isothermer  und  befeuerter  Messung 

Die  expansionsbedingte  Erhohung  der  Axialgeschwindigkeit  gegenuber  dem  isothermen 
Verlauf  erstreckt  sich  in  Dusennahe  nur  bis  zu  einem  Mischungsradius  von  etwa  40  mm 
von  dort  bis  zur  Wand  zeigen  sich  jedoch  keine  groBeren  Geschwindigkeitsdifferenzen. 
Erst  sehr  viel  weiter  stromabwarts  (a  =  170  mm)  dehnt  sich  die  beschleunigte  Stro- 
mungszone  uber  den  gesamten  Radius  aus.  Bei  dieser  Kammerkoordinate  hat  sich  der 
befeuerte  Turbulenzgrad  Tu,befeuert  bereits  uber  dem  Radius  ausgeglichen,  wahrend  er 
in  Dusennahe  schon  bei  kleineren  Radien  abnimmt  als  der  isotherme. 

Aus  diesen  Werten  konnte  der  Verlauf  des  integralen  Volumenstromes  bei  Gegenstro- 
macetylenverbrennung  errechnet  werden  (Abb.  9): 
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Abb,  9:  Volumenstromverlauf  entlang  der  Kammerachse  bei  Gegenstromacetylenverbrennung 

Die  maximale  Volumenstromerhohung  betragt  danach  etwa  Faktor  drei,  was  einem 
Wert  von  ca.  1200  mn/h^  entspricht.  Aus  der  Verbrennungsbilanzrechnung  ergibt  sich 
jedoch  ein  Abgasvolumenstrom  von  1430  m|/h^  was  einer  theoretischen  Luftzahl  von 
2,8  gleichkommt.  Dieses  MiBverhaltnis  konnte  nachvolizogen  werden,  nachdem  der  in 
den  Messungen  festgestellte  Mischungsradius,  bei  dem  die  Turbulenzgrade  ihr  Mini¬ 
mum  durchlaufen  in  die  Berechnung  miteinbezogen  wurde: 

YAb.gB  “  ('^L  ~  (’m  ))  ■*■  ^Ab.M  )) 

Damit  konnte  iterativ  die  zu  dem  gemessenen  Abgasvolumenstrom  gehorige  Luftzahl 
ermittelt  werden.  Sie  betragt  danach  etwa  0,75  bei  einem  Mischungsradius  von  37  mm. 
Entsprechend  ergab  sich  fur  stochiometrische  Verbrennung  ein  Mischungsradius  von 
42,5  mm. 

5  Zusammenfassung  und  Ausbiick 

Mit  der  Vermessung  der  Stromungsverhaltnisse  bei  Acetylenverbrennung  wurde  zu- 
nachst  nachgewiesen,  dal3  die  aufgebaute  Aniage  den  Anforderungen  der  Stromungs- 
messung  in  der  befeuerten  Brennkammer  gewachsen  ist.  Mit  Hilfe  der  LDV  MeBtechnik 
konnte  gezeigt  werden,  daB  die  im  Einlaufbereich  der  Brennkammer  vermutete  Ruck- 
stromzone  nur  geringe  AusmaBe  besitzt  und  auf  die  beabsichtigte  Durchmischung  von 
Luft-  und  Brennstoffstrom  kaum  EinfluB  hat.  Eine  stochiometrische  Verbrennung  kann 
bei  sonst  gleichen  Parametern  durch  groBere  Mischungsradien  erreicht  werden.  Dazu 
stehen  ein  groBerer  Anstellwinkel  der  Gegenstromdusen  oder  eine  eine  erhohte  Eindus- 
geschwindigkeit,  die  durch  ein  Verkleinern  der  Dusenbohrungen  realisiert  werden  konn¬ 
te,  zur  Auswahl. 

Durch  die  besondere  Konstruktion  des  Staukorpers  im  Brennkammereinlauf  ist  es  au- 
Berdem  moglich,  statt  der  Gegenstrombrennstoffeindusung  eine  Brennstoffzufuhr 
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durch  den  Staukorper  nach  dem  Prinzip  des  konzentrischen  Doppelrohres  mit  Staukor- 
perstabilisierung  zu  realisieren  und  so  den  Ausbrand  zu  verbessern. 

Neben  diesen  Optimierungsmoglichkeiten  bestehen  die  nachsten  Schritte  in  fur  die  ge- 
plante  Stromungsmessung  bei  der  Borverbrennung  in  der  Konstruktion  eines  fur  LDV- 
Messungen  ausreichend  kontinuierlich  arbeitenden  Borpartikelgenerators  und  im  Einbau 
eines  Vorwarmbrenners,  mit  dem  die  Verbrennungsluft  auf  die  zur  Borverbrennung 
notwendigen  Zundtemperaturen  gebracht  werden  kann. 
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ABSTRACT 

Pyrotechnic  Composition-s  are  UK  f.hialified  in  accordance  mih  UK  MOD  Onliuince  Board 
Proceedinjgs  which  call  up  well  defined  tests  aimed  at  characterising  a  composition  in  teims  of  its 
physical,  theological,  thermal  and  chemical  properties,  together  with  its  sensitivenetK  to  various  stimuli, 
and  its  explosiveness. 

Pyrotechnic  Compositions  ate  used  in  a  wide  variety  of  roles,  and  more  often  than  not.  (he  combustion 
and  burning  characterishes  are  tailor-made,  by  compositional  modifications,  to  deliver  specific 
performance  parameters.  In  addition  such  compositional  modifications  may  also  affect  the 
sensittvencs.s  and  explosiveness  chaiactetisiKs. 

As  a  consequence  of  the  compositional  modifications,  there  tends  to  be  a  large  array  of  formulations 
with  only  minor  vanations  of  mgredients  and  percentages  . 

The  purpose  of  this  paper  is  to  examine  factors  which  could  alTect  the  characterisation  of  the 
Pyrotechnic  Composition,  with  a  particular  view  to  applying  ibe  concept  of  “  Generic  Qualification  “ 
with  the  aim  of  reducing  the  level  of  testing,  whilst  still  maintaining  a  high  degree  of  confidence. 
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Abstract 

The  combustion  of  energetic  materials  is  governed  in  the  solid  or  condensed  phase 
mainly  by  the  heat  flow  equation  including  phase  transitions  and  exothermic  reactions. 
In  addition,  in  the  gaseous  phase  the  heat  flow  and  the  diffusion  equation  have  to  be 
considered  for  each  species  accounted  for  in  the  reaction  scheme.  Simplified  models 
deliver  some  results  on  ignition  delay  and  the  dependence  of  the  burning  rate  on  initial 
temperature  useful  for  practical  application.  The  treatment  of  more  complex  aspects  can 
describe  transient  behaviour  during  ignition  or  the  influence  of  externally  supplied 
energy  transfer. 

Kurzfassung 

Die  Verbrennung  von  energetischen  Materialien  wird  in  der  kondensierten  Phase  im 
wesentlichen  durch  die  Warmeleitungsgleichung  bestimmt  wobei 
Phasenumwandlungen  und  exotherme  Reaktionen  eine  Rolle  spielen.  In  der  Gasphase 
ist  zusatzlich  der  Stofftransport  durch  Diffusion  zu  berucksichtigen.  Mit  vereinfachten 
Modellen  fur  die  kondensierte  Phase  kann  man  bereits  wichtige  Ergebnisse,  wie 
Anzundverzugszeiten  und  die  Abhangigkeit  der  Abbrandgeschwindigkeit  vom  Druck 
abschatzen.  Aufwendiger  Modelle  erlauben  die  Beschreibung  von  komplexeren 
Phanomenen,  wie  den  Verlauf  der  Anziindung  oder  die  Reaktion  der 
Abbrandgeschwindigkeit  auf  externen  Energieubertrag. 
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1  Einleitung 

Bei  Festtreibstoffen  fur  Rohrwaffentreibmittel  Oder  Raketenantriebe  bestehen  fur  die 
Praxis  wichtige  Zusammenhange  in  den  Abhangigkeiten  der  Abbrandgeschwindigkeit 
von  Druck  und  Ausgangstemperatur  oder  der  Anzundverzugszeit  vom  eingebrachten 
EnergiefluB.  Diese  lassen  sich  zwar  experimentell  bestimmen,  aber  eine  Bestatigung 
durch  theoretische  Herleitungen  ist  wunschenswert,  da  sie  erst  den  EinfluB  von 
physikalischen  und  chemischen  Stoffdaten  wie  Dichte,  spezifische  Warme, 
Warmeleitungskoeffizient  aufzeigen,  bzw.  aufzeigen,  wie  Phasenumwandlungen  und 
chemische  Reaktionen  bei  der  Pyrolyse  der  kondensierten  Phase  und  in  der  Gasphase 
wirken.  Nachdem  lange  Zeit  nur  vereinfachte  Modelle  [1-3]  betrachtet  wurden,  sind 
inzwischen  von  Zarko  und  Mitarbeitern  [4-6]  komplexere  Modelle  betrachtet  worden, 
mit  denen  transiente  Phanomene  wie  AnzDndung  oder  Auswirkung  externer 
Energieubertragung  untersucht  werden  konnen. 

In  diesem  Beitrag  wird  dargestellt,  wie  aus  der  Warmeleitungsgleichung  einige  fur  die 
Anwendung  nutzliche  Formeln  herzuleiten  sind,  in  denen  sich  der  EinfluB  physikalischer 
und  chemischer  Daten  ausdruckt.  Auch  werden  Berechnungen  der  Wirkung  von 
externer  Strahlung  mit  einem  komplexerem  Model  (nach  Zarko  et  al.)  wiedergegeben. 


2  Feststoffaufheizung 

2.1  Definitionen 

Urn  die  Darstellung  zu  vereinfachen  und  die  Obersichtlichkeit  der  Formeln  zu  verbessern, 
werden  folgende  Definitionen  angewandt: 

t  =  — 1*,  a  =  — ,  Q  =  Cy'/?i,  q  =  cfA 

cp  cp 

2.2  GroBen  und  ihre  Einheiten 

Bei  der  Benutzung  der  im  vorigen  Abschnitt  definierten  GroBen  ergeben  sich  in  zwei 
Fallen  ungewohniiche  Einheiten:  die  Zeit  erhalt  die  Einheit  einer  Flache  und  die 
Warmquellen  und  -senken  die  Einheit  einer  Temperatur  pro  Flacheneinheit  (damit  wird 
Zeit  in  die  Dimension  m^  uberfuhrt,  da  sich  bei  Diffusionsvorgangen,  wie  der 
Warmeleitung  die  Zeit  proportional  dem  Quadrat  des  Ortes  verhalt). 
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m 

=  W/(m  *  K) 

Warmeleitfahigkeit 

[c] 

=  J/(kg  *  K) 

Warmekapazitat 

[p] 

=  kg  /  m^ 

Dichte 

[a] 

=  m^/s 

Temperaturleitfahigkeit 

[t*] 

=  s  (Sekunden) 

Zeit 

[t] 

=  m^ 

Zeit 

[Q*] 

=  W/m3 

[Q] 

=  K/m2 

3  Inerter  Feststoff 


Ausgangspunkt  fur  die  Untersuchung  des  Verhaltens  eines  Feststoffes  bei  Zufuhrung 
von  Warme  ist  die  Warmeleitungsgleichung: 

— -^  =  Q[x,t]  (1) 

In  dreidimensionaler  Form: 


AT  =  Q[x,t] 


Die  inerte  Feststoffaufheizung  durch  auBeren  Energieubertrag  laBt  sich  am  einfachsten 
Liber  die  Green'sche  Funktion  darstellen  [7].  Die  Green'sche  Funktion  von  (1)  ist  fur  die 
unbegrenzte  Abszisse  (d.h.  Rander  im  unendlichen,  Q[x,t]=0); 


G  = 


/47t(t-r) 


und  fur  die  dreidimensionale  (3D)  Form; 


Gjj4X',tt']  = 


Die  Lbsung  von  (1)  entsteht  durch  Faltung  der  Quellfunktion  Q[x,t]  mit  der  Green'schen 
Funktion: 
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(x-x')^ 

Im  3D-Fall  ist  das  Ortsintegral  entsprechend  uber  alle  drei  Raumrichtungen  auszufuhren. 
Die  Integration  uber  x  in  (5)  kann  fur  eine  Reihe  von  Funktionen  analytisch  durchgefuhrt 
warden.  Solche  Funktionen  sind  z.  B.  die  Dirac'sche  Deltafunktion,  eine  Konstante,  eine 
Exponentialfunktion,  eine  GauBfunktion.  Einige  dieser  ausfuhrbaren  Beispiele  sind  im 
folgenden  wiedergegeben. 

Fiir  Anzund-und  Abbrandphanomene  wird  der  Feststoff  auf  der  positiven  Halbachse 
liegend  angenommen.  Fur  diesen  Bereich  ergibt  sich  die  Green'sche  Funktion  zu: 


GhJx-x',t-t']  =  G„.[x-x',t-t']  +  G^,Jx+x',t-t1 


3. 1  Kontinuierliche  Aufheizung 

Anzundung  erfoigt  durch  eine  zeitlich  begrenzte  kontinuierliche  Energieubertragung 
von  einem  Anzunder  auf  ein  energetisches  Material.  Der  Energieubertrag  kommt  durch 
Warmeleitung,  -strahlung,  konvektive  heiBe  Gase  oder  durch  heiBe  Partikel  zu  Stande. 


3.1.1  Konstanter  WarmefluB  auf  eine  FeststoffoberflSche 

In  einfachster  Betrachtung  der  Anzundung  trifft  ein  konstanter  Warmestrom  auf  die 
Feststoffoberflache  bei  Xq,  wo  er  absorbiert  wird.  Damit  ist: 

Q[x,t]  =  Q«-5[x-x,]  (6) 

mit: 


(x-x-)' 

4(t-t’) 


(7) 


Im  Falle  der  Dirac'schen  Deltafunktion  reduziert  sich  die  Summe  aus  G^.  und  G^^.  auf 
einen  Faktor  2  mit  der  Losung: 


T[x,t]  =  Q, 


2,|ie'*'  +x-Erfl 


A 


-X 


(8) 


Von  der  Oberflache  fallt  die  Temperatur  steil  in  x-Richtung  ab. 


10 


Abbildung  1:  Temperaturprofil.  Die  Einheiten  hier  und  in  den  folgenden  Abbildungen 
sind  wilikurlich  gewahit. 

An  der  Oberflache  (x=0)  steigt  die  Temperatur  parabolisch  nnit  der  Zeit  an. 

T[0,t]  =  2Q,JI  (9) 

V  TC 


2  4  6  8  10 

Zeit 


Abbildung  2:  Temperaturverlauf  an  der  Oberflache 
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Haufig  beansprucht  die  Zeit  zum  Aufheizen  der  Oberflache  auf  eine  bestimmte 
Temperatur  durch  externe  Quellen,  bei  der  Feststoff-  oder/und  Gasphasenreaktionen 
einsetzen  den  wesentlichsten  Teil  der  Anzundverzugszeit.  Deshalb  ist  in  einfachster 
Naherung  diese  Verzugszeit  durch  folgende  Formel  gegeben: 


(10) 


3.2  Strahlungsaufheizung 

Strahlung  wird  in  einem  homogenen  Medium  nach  dem  Lambert-Beer'schen  Gesetz 
absorbiert.  Die  Wameubertragung  Qr  erzeugt  ein  exponentielles  Profil  mit  dem 
Absorptionskoeffizienten  b.  Bei  einer  nur  kurzzeitigen  Energieubertragung  zum 
Zeitpunkt  to,  wie  z.B.  mit  einem  Laser  entsteht  folgende  Temperaturverteilung. 

Q[x,t]  =  bQRe-‘”‘-6(t^to) 


Abbildung  3:  Temperaturprofil 
und  fur  x=0; 


T[0,t]  =  Q,be‘‘^(l-Erf[bVt]) 


2.5  5  7.5  10  12.5  15  17.5  2( 

Zeit 


Abbildung  4:  Temperaturverlauf  an  der  Oberflache 

Fur  zeitlich  ausgedehnte,  konstante  Bestrahlung  ergibt  sich  mit 

Q[i<,t]  =  Q,be-“ 

folgendes  Temperaturprofil: 
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(x-xf 


(x+x')^ 


T[M]=J|-^3j^^bQ.e-“d^df 


Auch  dieses  Integral  ist  noch  ausfiihrbar: 


(13) 


Abbildung  5:  Temperaturprofil 

Im  Grenzfall  eines  sehr  groBen  Absorptionskoeffizienten  geht  dieses  Temperaturprofil  in 
das  Profil  bei  konstanter  Energieubertragung  auf  die  Oberflache  uber.  In  Oberflachen- 
nahe  ist  die  Temperatur  immer  geringer  als  bei  reiner  Oberflachenabsorption.  Ansonsten 
ist  der  Temperaturverlauf  S-fdrmig.  An  der  Oberflache  steigt  die  Temperatur  nach 
folgender  Formal  mit  der  Zeit  an,  die  fur  b->oo  in  (9)  Cibergeht; 


2.5  5  7.5  10 

Zei 

Abbildung  6:  Temperaturverlauf  an  der 
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4  Reaktiver  Feststoff 


In  einem  Feststoff  sind  bei  Temperaturanderung  Phasenumwandlungen,  endotherme  und 
exotherme  Reaktionen  moglich.  Nach  Aufheizen  auf  gewisse  Temperaturwerte  setzen  diese 
ein  und  verandern  das  Temperaturprofil.  Bei  einenn  Anzundvorgang  ist  es  das  Ziel 
exotherme  Reaktionen  in  Gang  zu  setzen. 

Die  Reaktionen  wirken  als  Quellterme  in  der  Warmeleitungsgleichung,  Veranderungen  der 
physikalischen  Stoffeigenschaften  warden  hier  nicht  berucksichtigt.  Die  q  sind  hier 
Stoffkonzentrationen. 


dt 

dt 


at 


(16) 

(17) 


Zur  Vereinfachung  wird  im  weiteren  meist  eine  einzelne  Reaktion  O.ter  Ordnung 
angenommen: 


(18) 


Das  Gleichungssystem  (16)  und  (17)  ist  wegen  des  Arrheniusterms  stark  nichtlinear  und 
damit  nicht  analytisch  losbar.  Das  Integral  uber  die  Arrheniusfunktion  wird  mit  folgender 
semikonvergenter  Reihe  angenahert,  da  E/RT  meist  wesentlich  groBer  als  1  ist  (RT/E  sollte 
kleiner  sein  als  0.2): 

S[E.T]  =  Te-s|;n!(-ir(^)" 

die  Summe  fur  endliches  nicht  zu  groBes  N  (d.h.  n  zwischen  1  und  5). 
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100  150  200  250  300  350  400 

Tenperatur  in  K 


Abbildung  7:  Naherung  E / R  =  (10  000  J/ mol)/ (8,31  J / mol /  K) «  1200  K.  Kurve  0 
exakte  LOsung,  Kurven  1-5  Naherung  mit  Polynomen  S(E,T]  der  Ordnung  1-5. 


4, 1  Adiabatische  Selbsterhitzung 

dt*  cp 


e'"-a{T-T.) 


(19) 


Der  erste  Term  rechts  mit  der  Exponentialfunktion  beschreibt  die  chemische  Reaktion,  der 
zweite  Term  den  Warmeubergang  an  der  Oberflache  mit  dem  Obergangskoeffizienten  a. 
Die  Losung  lautet: 

^  cpdT 


V  -t.*  =  J 


(20) 


T„zcf  -a(T-Tj 


Fur  adiabatische  Selbsterhitzung  ist  a=0  und  das  Integral  kann  gelost  werden: 


f* 

°  Zcf 


r 


Te"'  -  |Ei| 


-Toe 


(21) 


Ei  ist  die  Exponentialintegralfunktion 
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Ei[x]  =  l^dt 


4.2  Kritischer  Durchmesser 


In  einer  weiteren  Naherung  vernachlassigt  man  die  Zeitableitung,  d.h.  man  betrachtet  die 
Fade,  bei  denen  sich  fur  ein  lineares  Problem  noch  ein  stationares  Temperaturprofil  einstellt. 
(Beispiele:  ein  Reaktor,  ein  reaktiver  Festkorper  bei  gegebener  AuBentemperatur). 


eine  einfache  Naherung  ergibt: 


X-X,, 


FRZqJ  T 


(24) 


Der  Verlauf  von  (23)  und  (24)  ergibt  den  kritischen  Durchmesser,  wenn  die  Temperatur 
gegen  unendlich  geht.  Ftir  zylindrische  und  spharische  Geometrie  sind  (23)  und  (24)  noch 
mit  Faktoren  zu  multiplizieren  [9]. 


Tempera'tur  in 
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25  50  75  100  125  150  175  200 

Durdmesser  in  m 


Abbildung  8:  Kritischer  Durchmesser  E  / R  =  (10  000  J / mol)/ (8,31  J / mol  /  K) «  12l 
wie  oben,  Tp  =  300  K. 
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5  Stationare  FeststoffreaktionX-verbrennung 

Nach  einer  Anfangsphase  der  Feststoffaufheizung  durch  extern  zugeftihrte  oder  intern 
durch  Reaktion  entstandene  Energie  stellt  sich  ein  stationarer  Reaktionsfortschritt  ein,  wenn 
gewisse  Bedingungen  erfullt  sind.  D.h.,  die  Reaktionsfront  bewegt  sich  als  stationares 
Temperaturprofil  nnit  einer  konstanten  Geschwindigkeit  r  in  den  Feststoff  hinein.  Wegen 
der  konstanten  Geschwindigkeit  kann  das  Koordinatensystem  so  transformiert  werden,  daB 
das  Temperaturprofil  ruht.  Mit  der  Transformation  x-x-rt  wird  aus: 

ST[x,t]  _  5T[x,t]  5T[x,t] 

dt  dt  dx 

und  damit: 


(26) 


ar  ar  a^T  _r  ac. 


ax 


(27) 


Fur  die  Umsatzrate  ^benutzt  man  fur  gewohniich  den  Arrhenius-Ansatz: 

ot 

Wenn  jede  weitere  Zeitabhangigkeit  ausgeschlossen  ist,  entsteht  folgendes  System 
gewohniicher  Differentialgleichungen; 

dT  rfT  _r  ,  ^  dCj 


(29) 


(30) 


Die  Green'sche  Funktion  von  (27)  im  unendlichen  Raum  ist  ebenfalls  durch 
Koordinatentransformation  zu  erhalten: 

(x-rt-x'+rt')^ 

4(t-f) 

4  J  V47r(t-f) 

Dreidimensional  sieht  die  Green'sche  Funktion  analog  zu  (4)  aus. 


(31) 
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,1m  folgenden  wird  zur  Darstellung  mit  Warmeleitung  und  spezifischer  Warme 
(temperaturabhangig)  zuruckgegriffen; 

folgende  Randbedingungen  sind  zu  berucksichtigen: 


TH  =  T„;  T[0]  =  T,; 

XdT/dx  =  -Qo  an  der  Stelle  x  =  0 

Ci[oo]  =  0(oder  1 )  Ci[0]  =  c*  (je  nach  Reaktionsmodell) 


Die  Energiebilanzgieichung  entsteht  aus  (32)  durch  Integration  von  T„  bis  Tj: 


,1X=0  0 


rp  Jc[T]dT  + 

T  X=oo  00  i 


*  0 


5. 1  Beispiel  1:  Abbrandgeschwindigkeit  r  fur  einen  quasi-stationaren  Abbrand 


c(T)  =  c  +  L8[T-TJ;  (Phasenumwandlung  als  Polstelle) 

XdT/dx  =  -Qo,  bei  X  =  0  und  XdT/dx  =  0  fur  x  oo  (vgl.  Randbedingungen) 

Q*[x]  =  ble‘‘"';  Strahlungsaufheizung 

C|[0]  =  1  und  C|[oo]  =  0;  (vollstandiger  Stoffumsatz) 

Dabei  bedeuten: 

L  =  Phasenumwandlungswarme 
Tl  =  Phasenumwandlungstemperatur 
Qo  =  Warmeflu3  an  der  Qberflache 

i-pWt,  -  T.)  +  L)  -  Q,  -  0  =  I  -  0  +  r2q*(l  -  0) 
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Der  Temperaturgradient  XdT/dx  hat  an  der  Stelle  x  =  0  einen  Sprung.  Die  zweite  Ableitung 
von  TIx,t]  kann  deshalb  auch  mit  einer  Dirac'schen  Deltafunktion  dargestellt  werden: 
Xd^T/dx^  =  -  Qo  6[0  -  x]. 


5.2  Beispie! 2:  TemperaturprofU  fiir  einen  quasi-stationaren  Abbrand 


Wieder  ausgehend  von  Gleichung  (42)  mit  Berucksichtigung  von  Strahlung  Q*  =  I  b  e‘‘”‘ 
aber  ohne  chemische  Reaktion: 


bx 


+  rp(c  +  L5[T  -  Tj)—  =  -Ibe' 

Integration  uber  den  Ort  x  ergibt  die  Energiebilanzgieichung 

+  rp(Cp(T[x]  -  +  l)  - 16-*“  =  0  fur  X  =  0  (35) 


und 


fiir  X  >  0  (36) 


Das  Temperaturprofil  wird  unter  dem  EinfluB  von  Strahlung  sigmaoid.  Die  Oberflache  habe 
die  Phasenumwandlungstemperatur  und  der  Temperaturgradient  an  der  Oberflache  sei 
durch  den  WarmefluB  Qo  gegeben: 


T[X  =  0]  =  T, 


und 


^1 

dx 


Die  erneute  Integration  uber  den  Ort  x  ergibt: 

h  -ffiSx 

T[x]-T,o=  ,  I-  — +  e  ^  const 

rpc-b^  c„ 


(37) 


T[x]-T,o  = 


,-bx 


rpc.  -  b;i 


-l  +  e  ^  const 


(38) 
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Die  Integrationskonstante  const  wird  durch  Einsetzen  der  Randbedingungen  in  Gleichung 
(35)  und  (37)  bestimmt: 

const  = - Qo - - - -  I  (39) 

rpCp  rpCp(rpCp -bX) 

einsetzen  in  (38)  gibt: 


iptp 

e 


.!B5ex  f 


nx]-T«~Qo  + 


fpc. 


.-bx 


-^x 

bX,e  ^ 


rpCp  -  bX  rpCp(rpCp  -  b^) 
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6  Instationare  Feststoffreaktion 

Ein  Modell  mit  Berucksichtigung  einer  Phasenumwandlung  in  der  kondensierten  Phase  und 
chemischer  Reaktionen  darin  wie  auch  des  Warnne-  und  Stofftransports  mit  Reaktionen  in 
der  Gasphase  warden  von  Zarko  et  al  [4-6]  ausgearbeitet.  Damit  konnen  dynamische 
Effekte  bei  der  Anzundung  und  beim  Energieeintrag  durch  externe  Quellen  berucksichtigt 
werden.  Beispiele  sind  in  den  Abb.  9  und  10  wiedergegeben,  wobei  externer 
Energieubertrag  zunachst  die  Anzundung  bewirkt  und  eine  Steigerung  des  Energieflusses 
dynamised  die  Abbrandgeschwindigkeit  beeinfluBt.  Temperaturanstieg, 
Anzundverzugszeiten  und  asymptotische  Abbrandgeschwindigkeiten  entsprechen  den 
Ergebnissen  aus  den  oben  hergeleiteten  Formeln.  Interessant  ist  jeweils  die  dynamische 
Reaktion  an  den  Flanken  des  EnergiefluSpulses.  Bei  Absorption  der  Energie  an  der 
Oberflache  ergeben  sich  Gberschwinger,  bei  Absorption  in  der  Tiefe  eine  verzbgerte 
Annaherung. 


Abbildung  9:  Verlauf  der  Abbrandgeschwindigkeit  beeinfluBt  durch  externe 
Energieubertragung  bei  Absorption  an  der  Oberflache. 
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Abbildung  10:  Verlauf  der  Abbrandgeschwindigkeit  beeinfluBt  durch  externe 

EnergieCibertragung  bei  Absorption  der  Energie  in  der  Tiefe  der  kondensierten  Phase. 
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Abstract 

Before  implementation  of  new  solid  propellants,  a  great  deal  of  parameters  must  be 
experimentally  determined.  Among  the  most  basic  of  ballistic  parameters  that  need  to  be  described 
are  the  burn  rate  characteristics,  temperature  sensitivities,  Arrhenius  form  of  burning  rate  law,  and 
stability  behavior  of  propellants  in  terms  of  the  Novozhilov  parameters.  Obtaining  these  data  for  a 
single  propellant  ordinarily  requires  a  large  number  of  experiments.  By  determining  the  burning 
surface  temperature  as  a  function  of  chamber  pressure  and  initial  temperature,  stability  maps  of  two 
propellants  were  generated,  without  using  a  very  large  set  of  surface  temperature  and  temperature 
sensitivity  data.  An  experimental  study  has  been  performed  to  determine  the  burning  rate  and 
stability  characteristics  of  two  similar  composite  propellants  (propellant  M,  with  a  significant 
percentage  of  metal  additive,  and  propellant  N  with  no  metal  additive).  Samples  were  tested  in  an 
optical  strand  burner  at  pressures  up  to  30.0  MPa  and  initial  propellant  temperatures  from  -60  to 
around  KKl.^C.  An  Arrhenius  form  of  burning  rate  correlation  was  deduced  for  both  the  metalized 
propellant  M  and  the  non-metalized  propellant  N.  An  analytical  expression  for  temperature 
sensitivity  and  Novozhilov  stability  parameters  as  functions  of  pressure  and  initial  propellant 
temperature  was  developed  for  each  propellant. 

Introduction 

In  the  design  and  utilization  of  modern  solid  propellants,  a  great  deal  of  experimentally 
determined  parameters  must  be  defined  in  order  to  characterize  the  burning  behavior  of  the 
propellant.  Among  the  most  basic  of  ballistic  parameters  that  need  to  be  determined  are  the  bum 
rate  characteristics,  temperature  sensitivities,  and  an  Arrhenius  form  of  burning  rate  law. 
Increasingly,  the  stability  behavior  of  propellants  in  terms  of  the  Novozhilov  parameters  k  and  r, 
defined  in  the  Method  of  Approach  section  of  this  paper,  are  being  examined.  The  conventional 
method  for  deducing  these  parameters  is  to  use  either  a  constant-volume  (Crawford)  bomb  or  a 
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constant-pressure  strand  burner.  The  methodology  for  producing  this  data  is  straightforward: 
burning  rate  measurements  are  taken  as  a  function  of  both  pressure  and  propellant  initial 
temperature.  In  addition,  ultra-fine  wire  thermocouples  need  to  be  embedded  in  the  propellant  for 
measuring  propellant  burning  surface  temperature  as  a  function  of  operating  conditions.  In 
theory,  this  is  a  simple  task,  and  requires  a  set  matrix  of  tests  varying  in  pressure  and  propellant 
initial  temperature.  In  practice,  however,  enormous  labor  is  required  to  obtain  reliable  surfaee 
temperature  measurements  and  other  data  over  a  complete  operating  domain,  especially  for 
propellants  which  do  not  follow  a  Saint  Robert’s  burning  rate  law  (rb=aP"). 

In  this  research,  the  steady-state  strand  burner  tests  were  conducted  for  two  propellants 
with  different  metal  content.  Propellant  M  has  a  signifieant  percentage  of  metal,  and  propellant 
N  is  of  similar  ingredients  except  it  contains  no  metal  additive.  Neither  propellant  exhibits  a 
Saint  Robert’s  burning  rate  law  over  the  entire  pressure  domain.  The  purpose  of  this  paper  is  to 
describe  and  illustrate  the  method  used  to  efficiently  characterize  these  propellants  in  terms  of 
burning  rate,  temperature  sensitivity,  Arrhenius  burning  rate  law  and  Novozhilov  stability 
parameters.  This  methodology  provides  a  reasonable  description  of  the  propellant  characteristics 
over  a  large  domain  with  significantly  less  time  and  resources  than  would  normally  be  required. 

Method  of  Approach 

A  schematic  diagram  of  the  test  setup  used  in  this  study  is  shown  in  Fig.  1.  A  high- 
pressure,  optical  strand  burner  equipped  with  access  for  micro-thermocouples,  breakwires  and 
pressure  transducers  was  used  to  obtain  data  including: 

a)  the  surface  regression  rate  by  both  video  imaging  and  breakwire  techniques; 

b)  the  chamber  pressure-time  history  with  a  fast-response  (on  the  order  of  10  ps)  Kistler 
pressure  transducer;  and 

c)  the  sub-surface  temperature  profile  of  the  propellant  with  the  use  of  miero- 
thermocouples. 

The  high-pressure,  optical  strand  burner  is  capable  of  pressures  up  to  69  MPa  (-10,000 
psig)  and  temperatures  ranging  from  -100  to  around  100  °C.  Details  of  the  operating 
procedure  for  this  setup  can  be  found  in  Refs.  1  and  2.  For  the  strand  burner  tests,  cylindrical 
propellant  samples  (diameter  -  1  cm,  length  -  8  cm)  were  cut  from  blocks  of  cast  propellants. 
Figure  2  is  a  sketch  of  a  prepared  propellant  sample.  A  tapered  cup  was  cut  into  the  bottom  of 
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the  sample  having  an  initial  length  of  around  4-5  cm.  A  matching  truncated  cone  was  cut  on  the 
top  portion  of  a  shorter  1-2  cm 


Fig.  1  Schematic  diagram  of  the  optical  strand  burner 

base  piece.  A  Zenin-type  [3,4]  rolled  micro-thermocouple  with  a  typical  flat  bead  thickness  of 
<  5jun  was  manufactured  by  the  authors  and  placed  directly  on  the  top  surface  of  the  truncated 
cone  by  laying  the  flat  bead  portion  on  the  flat  top  of  the  truncated  cone.  The  upper  portion  of 
the  propellant  was  lowered  onto  the  truncated  cone  portion  to  secure  the  thermocouple  at  the 
interface  of  the  matched  cup  and  cone  assembly.  In  order  to  ensure  that  the  thermocouple  stayed 
in  direct  contact  with  the  propellant  surface,  a  small  needle  was  pressed  through  the  propellant 
which  penetrated  through  the  cup  and  cone  assembly  at  the  height  slightly  above  the  interface  of 
the  two  segments.  Due  to  the  fact  that  the  truncated  cone  section  was  approximately  2.5  mm  in 
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height  and  the  deduced  thermal  wave  thickness  was  on  the  order  of  100  nm,  the  needle  will  have 
no  effect  on  the  thermal  wave  profile  in  the  propellant  near  the  thermocouple  location. 


propellim  single 

-.0.635  cm  I 


Fig.  2  A  schematic  of  a  typical  propellant  sample  with  cup  and  cone  configuration  and  Zenin- 

type  ribbon  micro-thermocouple. 

Two  breakwires  were  also  installed  radially  at  2  cm  apart  from  one  another  in  the  upper 
portion  of  the  propellant  sample.  The  diameter  of  the  breakwire  is  approximately  0.25  mm.  The 
purpose  for  these  two  breakwires  is  to  obtain  a  second  set  of  burning  rate  data  for  comparison 
with  optical  measurements.  In  order  to  achieve  uniform  surface  ignition,  a  small  piece  of 
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homogeneous  propellant  with  nearly  the  same  diameter  as  the  propellant  samples  was  glued  to 
the  top  portion  of  the  propellant  sample.  A  nichrome  wire  for  ignition  was  inserted  radially 
through  the  homogeneous  propellant  piece.  This  provided  a  uniform  heating  of  the  propellant 
sample  surface  prior  to  ignition. 

Bunting  Rate  Data  Reduction 

The  primary  method  for  deducing  the  burning  rate  of  the  propellant  sample  was  by  direct 
video  imaging  of  the  instantaneous  burning  surface  location.  A  Pulnix  color  video  camera  was 
used  to  record  the  propellant  regression  event  at  a  framing  rate  of  60  frames  per  second.  A 
regression  distance  versus  time  history  was  deduced  from  the  video  image  data  in  order  to 
determine  the  regression  rate  of  the  propellant.  The  propellant  burning  surface  location  was 
measured  at  several  times  during  a  test  and  a  linear  curve-fit  of  the  distance  versus  time  plot  for 
each  test  was  used  to  determine  the  burning  rate.  In  the  case  of  non-flat  burning  surface,  the 
breakwire  method  was  utilized  to  compare  with  the  video  image  data. 

Due  to  the  fact  that  the  breakwires  are  installed  in  the  propellant  at  room  temperature, 
while  some  tests  were  conducted  at  much  higher  or  lower  than  ambient  temperatures,  using  the 
pre-test  distance  between  the  two  breakwires  is  a  source  of  error.  In  order  to  correct  for  this 
error,  a  measurement  of  the  linear  thermal  expansion  coefficient  (a)  of  the  propellant  was  made. 
Video  images  of  a  propellant  sample,  with  marks  2  cm  apart  at  room  temperature,  were  taken  at 
various  temperatures  ranging  from  -60  to  80  ®C.  The  results  were  plotted  and  fitted  to  a  straight 
line.  The  a  value  for  the  propellant  was  used  to  correct  the  initial  distance  between  the 
breakwires  for  tests  at  initial  propellant  temperatures  differing  from  the  ambient. 

Surface  Temperature  Data  Reduction 

A  natural  log  plot  of  temperature  versus  distance  measured  from  propellant  surface  was 
used  to  determine  the  surface  temperature.  Since  the  subsurface  temperature  profile  was  assumed 
to  be  exponential  until  reaching  the  surface  [5],  the  point  of  departure  from  linearity  was  taken  to 
be  the  location  of  the  burning  surface.  A  representative  plot  of  this  type  is  shown  in  the 
Discussion  of  Results  section  of  this  paper. 
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Test  Matrix 

In  order  to  obtain  a  wide  range  of  surface  temperature  data  covering  a  broad  range  of  test 
conditions,  it  is  desirable  to  conduct  tests  at  many  different  propellant  initial  temperatures  and 
chamber  pressures.  This  is  different  from  conventional  testing  procedures,  in  which  typically 
five  to  ten  pressures  and  only  three  to  five  propellant  initial  temperatures  are  selected  for  testing. 
In  other  words,  the  particular  propellant  initial  temperature  and  pressures  selected  are  not 
important,  so  long  as  they  are  accurately  measured  and  conducted  over  a  wide  range.  It  is 
therefore  desired  to  obtain  data  at  many  propellant  initial  temperatures  and  pressures  tested  as 
input  information  for  the  correlation  development.  Several  tests  at  the  same  pressure  and 
propellant  initial  temperature  were  conducted  only  to  verify  the  accuracy  of  the  burning  rate  and 
surface  temperature  measurement. 

Stability  Parameter  Data  Reduction 

The  intrinsic  stability  characteristics  of  propellants  M  and  N  were  examined  based  upon 
the  determination  of  the  Novozhilov  parameters  k  and  r  [6].  Where: 

K  =  (T,-Ti)xap  (1) 

and 


These  two  stability  parameters  are  very  useful  in  determining  the  stable  operating  regimes  of  a 
given  propellant.  According  to  Novozhilov  [6],  a  given  propellant  is  stable  if  one  of  the 
following  conditions  is  met: 

a)  K  <  1  or 

b)  K>1  and  r>r*  where  r*  =  (k-1//(k+1) 

According  to  Novozhilov  [6],  the  condition  of  stability  implies  that  the  propellant  burning 
will  be  stable  despite  any  small  perturbations  in  operating  parameters  such  as  gas-phase  pressure 
and  temperature.  Using  the  surface  temperature  data  recorded  with  the  embedded  micro¬ 
thermocouples  and  the  Arrhenius  burning  rate  law  parameters  derived  from  many  tests  at 
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different  initial  propellant  temperatures  and  pressures,  these  stability  parameters  were  deduced 
for  both  the  metalized  propellant  M  and  non-metalized  propellant  N. 

Discussion  of  Results 

Burning  Rate  Behavior  under  Various  Pressures 

The  burning  rate  behavior  of  both  the  metalized  and  non-metalized  propellants  was 
examined  as  a  function  of  chamber  pressure  at  various  initial  propellant  temperatures.  A 
comparison  of  the  burning  rate  behavior  of  propellants  M  and  N  is  shown  in  Figs.  3a  and  3b.  It 
can  be  seen  that  the  burning  rate  behavior  of  the  non-metalized  propellant  N  was  nearly  identical 
to  that  of  the  metalized  propellant  M.  The  burning  rate  versus  pressure  relationship  shown  in  Fig. 
3  clearly  indicates  that  the  burning  rate  do  not  follow  the  conventional  Saint  Robert’s  burning 
rate  law.  The  estimated  error  of  +1%  for  the  deduced  burning  rate  is  based  upon  the 
measurement  of  the  instantaneous  propellant  sample  length  from  the  video  image  (which  has  a 
framing  rate  of  60  frames  per  second)  and  the  accuracy  of  the  pressure  and  initial  temperature 
measurements. 

The  addition  of  metal  to  the  propellant  formulation  for  replacing  a  portion  of  oxidizer 
content  has  two  major  effects  on  binning  rate.  One  is  to  increase  the  burning  rate  by  the 
enhanced  thermal  conductivity  to  the  unbumt  propellant.  The  other  effect  is  the  reduction  of  heat 
feedback  to  the  unbumt  pro()ellant  zone.  This  reduction  is  believed  to  be  associated  with  the 
decrease  of  oxidizer-to-binder  ratio  with  metal  addition,  the  higher  energy  required  for  metal 
liquefaction  near  the  burning  surface  and  metal  particle  combustion  at  locations  relatively  far 
above  the  propellant  surface.  It  is  believed  that  these  two  effects  counteract  each  other  resulting 
in  the  relatively  small  difference  between  the  burning  rates  of  the  non-metalized  and  metalized 
propellants. 

Figure  4  is  a  photograph  of  propellant  M  showing  metal  particle  combustion  at  locations 
far  from  the  burning  surface.  It  can  be  seen  clearly  that  the  metal  particle  is  burning  far  from  the 
propellant  surface,  reducing  heat  feedback  from  the  metal-oxidizer  combustion.  The  multiple 
bright  streaks  represent  the  trajectories  of  burning  metal  particles  during  the  recording  interval  of 
1/60  second.  It  is  interesting  to  note  that  the  length  of  each  streak  is  on  the  order  of  2  mm.  This 
translates  to  an  average  particle  velocity  of  around  12  cm/s,  which  is  many  times  smaller  than  the 
expected  gas  velocity.  This  implies  that  the  metal  particles  have  velocities  much  lower  than  the 
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gaseous  products.  The  reasons  for  many  distributed  streaks  covering  a  vertical  distance  of 
approximately  3  cm  is  believed  to  be  caused  by  the  difference  in  ignition  delay  times  for  various 
particles.  The  number  of  bright  streaks  shown  in  Fig.  4  is  around  25;  this  is  less  than  the  actual 
number  of  burning  particles,  due  to  the  blockage  of  views  of  other  metal  particles  burning  in 
direction  perpendicular  to  the  plane  of  view. 


Fig.  3  Comparison  of  dimensionless  burning  rate  data  for  propellants  M  and  N  at  various 


pressures 


Temperature  Sensitivity  to  Burning  Rate 

The  temperature  sensitivity  to  burning  rate  (Op)  is  defined  as: 


einn 


5T 


(3) 


By  constructing  a  plot  of  deduced  burning  rate  versus  initial  propellant  temperature 
(measured  with  micro-thermocouples  inserted  directly  in  the  propellant),  the  experimental  cfp 
value  for  propellants  M  and  N  was  determined  for  the  pressures  tested. 
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Fig.  4  Photograph  of  propellant  M  showing  metal  particle  combustion  at  locations  far  from  the 

propellant  burning  surface 

Figure  5  is  a  plot  of  dimensionle.ss  temperature  sensitivity  \  erstis  dimensionless  pre.sstire 
for  propellants  M  and  N.  Deduced  ivsults  indicate  that  a,,  of  M  drops  significantly  from  a 
relatively  high  value  at  low  pressures  to  a  much  lower  \alue  lor  higher  pressures.  The 
temperature  sensitivities  of  the  propellant  N  were  also  deduced  according  to  liq.  (3).  From  Fig.  5 
it  can  be  seen  that  the  propellant  N  follows  a  general  trend  of  decreasing  temperature  sensitivity 
with  increasing  pressure  in  the  lower  pressure  range.  At  higher  picssurcs.  the  a,,  increases 
slightly  over  the  remaining  range  of  pressure  tested.  In  comparing  pi'opcilants  M  and  N.  it  can  be 
seen  that  the  ap  of  the  metalized  propellant  M  is  slightly  higher  than  that  of  the  non-metaliz.ed 
propellant  N  for  most  pressures.  The  cip  of  the  metalized  propellant  M  is  also  a  stronger  function 
of  pressure  in  the  middle  pressure  range  tested.  The  estimated  errors  foi'  deduced  temperatuie 
sensitivities  are  ±  5%.  This  estimation  is  based  upon  the  errors  involved  in  initial  temperature 
and  chamber  pressure  measurements.  In  general,  the  Op  is  a  function  of  initial  temperatuie  and 
pressure,  namely: 

a  =  a  P)  (4) 
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The  error  of  Op  was  obtained  from  the  chain-rule  described  by: 


A 

Acr„  = — - 


dT, 


AT+^ 


dP 


AP 


(5) 


where  the  two  partial  derivatives  of  Op  with  respect  to  Ti  and  P  were  calculated  based  upon  the 
analytical  function  of  burning  rate,  rb,  in  terms  of  burning  propellant  initial  temperature  and 
pressure  described  in  a  later  section  of  this  paper.  The  error  of  the  initial  temperature 
measurements  is  around  ±  3  K.  The  error  in  chamber  pressure  measurement  is  around  0.07  MPa. 

Overall,  the  effect  of  metal  addition  to  the  propellant  formulation  on  the  temperature 
sensitivity  to  burning  rate  is  slight,  and  it  can  be  stated  that  the  controlling  mechanisms  of  the 
temperature  sensitivity  are  more  strongly  coupled  to  the  binder-oxidizer  interaction  than  the 
metal  particle-propellant  interaction,  since  both  propellants  N  and  M  have  similar  <Tp 
characteristics.  It  should  be  noted  that  the  unexpectedly  high  values  of  Op  at  low  pressures 
could  be  associated  with  the  uneven  burning  surface  phenomenon  resulting  from  relatively  low 
heat  feedback  from  the  gaseous  flame  zone.  Uneven  burning  surface  phenomena  were  observed 
at  the  lowest  pressure  tested  and  it  was  difficult  to  obtain  a  flat  burning  surface  at  this  low 
pressure,  therefore,  although  the  semi-log  plot  of  burning  rate  data  at  the  lowest  pressure  showed 
a  linear  correlation  with  respect  to  the  initial  temperature,  the  result  could  be  somewhat 
influenced  by  this  uneven  burning  surface  phenomenon  observed  at  the  lowest  pressure  tested. 
At  all  other  pressures,  this  phenomenon  was  not  observed  and  the  corresponding  Op  results  are 
more  reliable. 

Surface  Temperature  Data 

A  natural  log  of  temperature  versus  distance  from  propellant  surface  plot  can  be 
used  to  determine  the  surface  temperature,  since  the  subsurface  temperature  profile  is  assumed  to 
be  exponential  imtil  reaching  the  surface  [6].  A  representative  plot  of  this  type  for  Propellant  M 
is  shown  in  Fig.  6.  Similar  plots  were  obtained  for  the  Propellant  N.  It  can  be  seen  that  a  clearly 
defined  departure  point  from  a  linear  profile  can  be  determined  as  the  surface  temperature.  The 
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location  of  this  break  is  defined  as  the  surface  location,  and  the  distance  coordinate  is  found  by 
multiplying  the  recorded  time  of  event  by  the  measured  burning  rate.  At  low  temperatures,  the 
plot  may  not  always  be  totally  linear  due  to  endothermicities  involved  in  oxidizer  decomposition. 


Dimensionless  Pressure,  P/P„f 


Fig.  5  Deduced  dimensionless  temperature  sensitivities  versus  pressure  for  propellants 

M  andN 

Arrhenius  Burning  Rate  Law 

By  plotting  burning  rate  versus  surface  temperature,  the  Arrhenius  form  of  burning  rate 

law: 

can  be  deduced,  where  Ea  is  the  activation  energy  and  A  is  the  pre-exponential  factor.  Using  the 
burning  surface  temperature  determined  from  the  traces  of  micro-thermocouples  embedded  in  the 
propellant  strand  and  the  measured  burning  rate  data,  the  Arrhenius  forms  of  the  burning  rate 
correlation  were  deduced  for  both  the  metalized  propellant  M  and  the  non-metalized  propellant 
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N.  A  plot  of  the  data  used  to  deduce  the  Arrhenius  burning  rate  law  for  both  propellants  M  and 
N  is  shown  in  Fig.  7.  It  is  useful  to  note  that  surface  temperature  data  were  obtained  under 
conditions  with  various  initial  temperatures  and  pressures.  In  general,  the  data  correlates 
reasonably  well  with  the  exponential  curve-fit.  The  Ea  of  the  metalized  propellant  M  is  lower 
than  that  that  of  the  non-metalized  propellant  N.  This  is  related  to  the  phenomenon  of  lower 
burning  surface  temperature  of  the  metalized  propellant  M  at  the  same  test  conditions  as 
propellant  N.  Due  to  the  fact  that  the  burning  rates  are  similar  for  these  two  propellants,  it  can  be 
seen  from  Eq.  (6)  that  the  Ea  for  propellant  M  must  be  lower  than  that  of  propellant  N. 


Fig.  6  A  typical  log  temperature  versus  distance  plot  to  determine  surface  temperature 
Stability  Analysis 

The  intrinsic  stability  of  propellants  M  and  N  was  examined  based  upon  the  determination  of  the 
Novozhilov  stability  parameters  k  and  r  [6],  shown  in  the  Method  of  Approach  section  of  this 
paper.  Using  the  surface  temperature  data  recorded  with  the  embedded  micro-thermocouples  and 
the  CTp  data  derived  from  many  tests  at  different  initial  propellant  temperatures,  stability 
parameters  were  deduced  for  propellants  M  and  N.  Due  to  the  fact  that  tests  were  conducted  for 
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(Dimensionless  Surface  Temperature)"', 


Fig.  7  Deduced  Arrhenius  burning  rate  law  for  Propellants  M  and  N 

two  different  propellants  at  eight  different  pressures,  and  only  about  one  third  of  the  tests  resulted 
in  a  usable  sub-surface  thermocouple  trace,  a  limited  number  of  surface  temperature  data  points 
were  available  to  determine  the  stability  parameters  directly  fix)m  Eqs.  (1)  and  (2).  Nevertheless, 
the  surface  temperature  data  were  sufficient  for  the  development  of  a  correlation  with  pressure 
and  Initial  temperature  because  all  data  points  at  various  pressures  and  initial  temperatures  were 
utilized  together.  This  surface  temperature  correlation  was  then  used  in  the  determination  of 
stability  parameters,  discussed  in  the  following  section. 

Development  of  a  Functional  Expression  for  Surface  Temperature 

Using  all  the  deduced  surface  temperatures  for  both  propellants  at  various  initial 
propellant  temperatures  and  pressures,  the  following  functional  form  of  the  surface  temperature 
was  obtained.  This  equation  relates  surface  temperature  to  pressure  in  a  linear  functional  form 
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with  coefficients  independent  of  initial  propellant  temperature  and  pressure  and  is  shown  below 
as: 

%  =  a„  +a,(T,  -T,„f)  +  [bo  +  b.d,  -T,„f)]P  (7) 

where  Ti,  ref  can  be  chosen  arbitrarily.  The  ao  term  can  be  thought  of  as  a  base  surface 
temperature  and  the  ai  term  can  be  considered  as  a  propellant  initial  temperature  amplification 
factor.  The  bo  term  represents  the  change  of  surface  temperature  with  respect  to  pressure 
independent  of  initial  propellant  temperature,  and  the  b|  term  can  be  regarded  as  the 
amplification  factor  of  the  combined  effects  of  initial  propellant  temperature  and  pressure.  Figure 
8  is  a  plot  of  the  deduced  surface  temperature  versus  predicted  surface  temperature  using  Eq.  (7) 
for  propellants  M  and  N.  It  can  be  seen  that  the  data  fit  the  predicted  behavior  for  a  variety  of 
initial  propellant  temperatures  and  pressures  to  within  +  5%  error.  This  expression  can  be  used 
with  other  parameters  deduced  in  this  study  to  evaluate  the  temperature  sensitivity  to  burning  rate 
and  the  intrinsic  stability  of  both  propellants  as  fimctions  of  initial  temperature  and  pressure.  It 
should  be  noted  that  only  10-15  data  points  per  propellant  are  needed  for  this  correlation.  Also,  it 
is  evident  that  the  functional  form  of  this  correlation  is  applicable  to  both  metalized  and  non- 
metalized  propellants  which  exhibit  non-Saint  Robert’s  burning  rate  law  characteristics. 


Functional  Expression  for  Temperature  Sensitivity,  Oj, 

Substituting  the  deduced  Arrhenius  burning  rate  law  into  Eq.  (3),  an  expression  for  Op  of 
both  propellants  can  be  written  as: 


E,  5X 


R„T^  0T 


(8) 


Since  Ts  as  a  function  of  Ti  is  known  from  Eq.  (7),  one  can  directly  substitute  the  algebraic  form 
of  Ts  into  Eq.  (8)  and  perform  the  differentiation  to  obtain  the  following  equation: 

crp=:^^[a,+b,P]  (9) 

■*’S 

Using  the  Ts  expression  given  in  Eq.  (7),  Op  can  be  calculated  from  Eq.  (9)  when  the 
pressure  and  initial  temperature  are  known.  The  Op  values  calculated  from  this  equation  are  in 
general  agreement  with  those  data  shown  in  Fig  5.,  except  at  very  low  pressures,  where  non- 


Fig.  8  Experimentally  determined  surface  temperature  versus  predicted  surface 
temperature  for  propellants  M  and  N 


planar  burning  surfaces  were  observed.  This  unsteadiness  could  be  associated  with  the  relatively 
high  Op  values  determined  experimentally  at  the  lowest  pressure  tested.  It  is  worthwhile  to 
mention  that  Eq.  (9)  was  also  utilized  for  obtaining  the  partial  derivatives  of  Op  in  Eq.  (5)  in  the 
error  analysis. 


where  Eq.  (7)  is  substituted  in  for  Tj  with  the  appropriate  parameters  for  each  of  the  two 
propellants  in  Eq.  (10).  Figures  9a  and  9b  show  four  relevant  surfaces  for  propellant  M  in  three- 
dimensional  plots  with  different  scales  to  enhance  clarity.  It  can  be  seen  that  the  k  stability 
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criterion  (a)  of  k  <  1  is  not  satisfied  for  all  pressures  and  initial  temperatures.  However,  for  most 
operating  conditions  (P,  Tj ),  the  /•  surface  is  above  the  r*  surface,  indicating  the  second  stability 
criterion  (b)  is  satisfied.  Only  at  very  low  initial  temperatures  and  pressures  both  criteria  (a)  and 
(b)  are  not  satisfied.  This  region  is  indicated  by  an  ellipse  and  designated  as  unstable  combustion 
zone. 

The  values  for  the  stability  parameters  of  propellant  N  were  determined  with  the  same 
method  as  for  the  propellant  M.  Figures  10a  and  10b  are  a  similar  set  of  stability  plots  for  the 
propellant  N,  except  that  Fig.  10b  is  also  rotated  for  clarity.  It  can  be  seen  that  except  for  a  small 
region  of  low  pressure  and  high  initial  temperature,  the  k  surface  is  above  the  k  =1  plane. 
However,  the  r  surface  is  above  the  r*  surface  for  all  values  of  P  and  Tj  in  the  caleulation 
domain;  therefore,  propellant  N  is  stable  for  all  operating  regimes  depicted  in  these  two  figures. 

In  order  to  derive  a  similar  stability  map  for  any  given  propellant  without  the  use  of  Eq. 
(7),  hundreds  of  tests  would  be  required  at  all  regions  of  the  operational  domain.  The  stability 
maps  shown  in  Figs.  9  and  10  were  derived  with  the  use  of  around  twenty  surface  temperature 
data  points  at  various  operating  conditions.  It  should  be  noted,  however,  that  the  uncertainty  in 
the  stability  maps  shown  in  Figs.  9  and  10  is  a  cumulative  function  of  the  imcertainty  in  deriving 
the  parameters  in  Eq.  (7)  and  the  Arrhenius  burning  rate  law.  It  should  be  noted  that  care  must  be 
taken  into  consideration  when  extrapolating  stability  data  beyond  the  range  of  actual  test 
conditions  due  to  the  highly  coupled  nature  of  the  gas  and  solid-phase  phenomena.  Therefore,  as 
stated  in  the  Method  of  Approach  section  of  this  paper,  it  is  desired  to  have  surface  temperature 
data  points  that  survey  a  large  domain  of  operating  pressiue  and  propellant  initial  temperature  as 
input  for  determination  of  the  parameters  in  Eq.  (7).  However,  the  tremendous  decrease  in  total 
number  of  tests  required  to  deduce  a  stability  map  for  a  given  propellant  justify  the  usage  of  this 
method. 
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Conclusions 

Many  interesting  and  useful  observations  were  made  in  terms  of  the  burning  rate 
behavior,  temperature  sensitivity,  and  stability  characteristics  of  the  two  similar  propellants  (a 
metalized  propellant  M  and  a  non-metalized  propellant  N)  studied  under  broad  ranges  of  initial 
temperature  and  pressure.  Major  results  are  summarized  below. 

•  A  general  method  was  introduced  for  deriving  an  analytical  expression  for  Novozhilov 
stability  parameters  using  an  experimentally  deduced  surface  temperature  correlation,  which 
is  applicable  to  the  entire  operating  domain.  This  method  greatly  reduces  the  number  of  tests 
required  to  achieve  reliable  results  as  compared  to  conventional  methods.  This  method  has 
been  shown  to  be  applicable  to  both  metalized  and  non-metalized  propellants  which  do  not 
exhibit  typical  Saint  Robert’s  burning  rate  law  behavior. 

•  The  key  steps  of  this  method  involve  1)  determination  of  Arrhenius  burning  rate  law 
parameters,  2)  correlating  burning  surface  temperature  as  a  function  of  propellant  initial 
temperature  and  pressure,  and  3)  using  this  surface  temperature  correlation  with  the 
Arrhenius  parameters  to  describe  the  Novozhilov  stability  parameters  of  the  propellants  as  a 
function  of  initial  conditions. 

•  The  addition  of  metal  to  the  propellant  formulation  for  replacing  a  portion  of  oxidizer  content 
has  two  major  effects  on  burning  rate.  One  is  to  increase  the  burning  rate  by  the  enhanced 
thermal  conductivity  to  the  unbumt  propellant.  The  other  effect  is  the  reduction  of  heat 
feedback  to  the  unbumt  propellant  associated  with  1)  reduction  of  oxidizer-to-binder  ratio, 
2)  higher  energy  required  for  metal  liquefaction  near  the  surface,  and  3)  combustion  of  metal 
particles  in  locations  relatively  far  above  the  propellant  burning  surface.  It  is  believed  that 
these  opposing  heat-transfer  effects  counteract  each  other  resulting  in  the  relatively  small 
difference  between  the  burning  rates  of  propellant  M  and  N. 

•  The  Ts  correlation  was  used  with  the  deduced  Arrhenius  burning  rate  expressions  for  both 
propellants  to  derive  an  analytical  expression  for  temperature  sensitivity  as  a  function  of 
pressure  and  initial  temperature.  Results  obtained  from  the  correlation  were  in  agreement 
with  those  deduced  directly  from  the  burning  rate  data,  except  at  very  low  pressures,  where 
non-planar  burning  surface  behavior  limited  the  number  of  surface  temperature  data  points 
available  as  input  to  the  correlation. 
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ABSTRACT 

Flame  structure  of  propellants  based  on  HTPB  (3%)  and  ADN  (97%)  at  pressures  of 
0.5,  0.75,  1  and  6  atm  was  studied  using  such  methods  as  probing  molecular-beam  mass- 
spectrometry  (MBMS),  of  thin  thermocouples  and  videorecording.  Burning  zone  width  at  1 
atm  is  about  1.5  mm.  Thermocouple  research  has  shown  temperature  fluctuations  of  about 
±400°C  at  1  atm  in  flame  zone  within  1.5-4  mm  firom  the  burning  surface.  Along  with 
temperature  fluctuations,  fluctuations  in  the  intensities  of  mass  peaks  17  (NH3),  28  (CO, 
Na),  30  (NO),46  (HNO3,  NOa),  44  (COa,  NaO)  take  place  as  well.  These  observation  is  a 
.'  consequence  of  the  combustion  process  of  the  propellant  under  investigation  spatial-time 
heterogenity  and  non-stationarity.  Video-recording  demonstrates  the  existence  of  several 
brightly  illuminating  torches  of  about  1  mm  at  the  burning  surface  disappearing  at  one  site 
and  appearing  at  another.  One  torch  life  time  is  0.2  sec.  The  nature  of  these  torches  is 
discussed.  The  combustion  products  composition  was  found  away  from  the  burning  surface 
and  in  its  immediate  vicinity  using  MBMS.  The  composition  of  oxygen-nitrogen-hydrogen 
containing  products  of  propellant  combustion  at  1  atm  is  close  to  this  of  ADN  combustion 
at  6  atm.  The  main  carbon-  containing  propellant  combustion  product  at  1  atm  is  CO2,  CO 
was  not  found  in  the  combustion  products. 

INTRODUCTION 

ADN  is  a  powerful  ecologically  safe  oxidizer  with  extraordinary  properties.  It  has 
found  its  application  when  developing  composite  solid  rocket  propellants  [1].  A  large 
number  of  papers  is  concerned  with  the  combustion  mechanism  of  pure  ADN  [2-5]. 
However  there  are  very  few  works  studying  composite  and  sandwich  systems  based  on 
ADN.  In  [6]  the  combustion  of  ADN  mixtures  with  paraffin  (90:10)  was  studied  using 
spectroscopic  technique.  In  [7]  ADN  combustion  in  paraffin  mixtures  was  studied  as  well.  In 
[8,9]  the  combustion  of  sandwiches  based  on  ADN  and  a  binder  was  studied  in  an  effort  to 
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understand  the  combustion  mechanism  of  ADN  based  composite  systems.  Sandwiches  are 
known  to  model  composite  systems  combustion. 

The  study  of  diffusion  flames  structure  of  sandwiches  ADN/energetic  binder  using 
the  PLIF  method  [8]  and  measurement  of  ADN  based  sandwiches  burning  rate  [9]  testifies 
the  absence  or  insignificant  effect  of  diffusion  flames  on  the  processes  controlling  propellant 
burning  rate  within  the  pressure  range  up  to  ~15  atm.  However  the  burning  rates  of 
sandwiches  such  as  ADN/ADN:HTPB/ADN  and  ADN/PBAN/ADN  rise  nearly  1.5  fold 
with  pressure  rise  from  15  to  70  atm  [9],  which  is  indicative  of  diffusion  flames  ADN-binder 
influence  in  this  pressure  range  on  sandwiches  burning  rate.  This  paper  is  aimed  at  studying 
combustion  characteristics,  chemical  and  thermal  flame  structure  of  composite  propellants 
based  on  ADN  and  HTPB  using  molecular  beam  mass-spectrometry,  thin  thermocouples 
technique  and  video-recording. 

EXPERIMENTAL  TECHNIQUE 

The  methods  applied  to  the  study  of  ADN  solid  composite  propellant  (SCP)  flame 
structure  include  probing  mass-spectrometry  (PMS)  [10-14]  and  thermocouple 
measurements.  The  PMS  method  consists  in  the  following:  a  burning  strand  of  SCP  moves 
with  a  speed  exceeding  the  burning  rate  toward  a  probe  so,  that  a  probe  is  continuously 
sampling  gaseous  species  from  all  the  zones  including  those  adjacent  to  the  burning  surface. 
In  the  case  of  thermocouple  measurements  a  burning  strand  moves  to  touch  a  immovable 
thermocouple  to  the  contact  with  the  surface.  The  gaseous  sample  is  transported  to  an  ion 
source  of  a  time-of-flight  mass-spectrometer  (TOFMS)  as  a  molecular  beam.  When  studying 
SCP  flame  structure  an  aluminum  probe  with  a  surface  covered  with  AI2O3  was  used.  The 
probe  represents  a  cone  with  a  hole  at  its  top  (070,  100  microns  at  1  atm,  01 10  microns  at 
p<l  atm),  the  cone  inner  angle  is  40  °,  the  external  one  is  50-60°,  walls  thickness  nearby  the 
top  is  100  microns.  The  MBMS  system  shows  in  Fig.l,  which  has  been  used  to  examine 
SCP  flame  structures.  It  includes:  an  apparatus  for  probing  a  flame  containing  a  molecular 
beam  sampling  system,  a  TOFMS  type  MSCh-4  as  a  detector,  a  combustion  chamber,  a 
scanning  system,  a  data  acquisition  system  and  an  experiment  controller  based  on  CAMAC 
equipment  and  a  computer.  At  the  experiment  start  the  ignition  spiral  (  see  Fig.l  )  is 
automatically  or  manualy  removed  from  the  combustion  zone  after  ignition.  A  control 
system  and  a  stepper  motor  are  required  to  scan  SCP  flame.  Video  camera  Panasonic  NV- 
M3000EN  has  been  used  to  visualize  the  combustion  process.  Temperature  profiles  have 
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been  measured  with  \VRe(5%)-WRe(20%)  thermocouple  50  microns  in  diameter.  The 
thermocouple  was  protected  with  an  anticatalytic  coating  Ceramobond  569,  The  coating 
was  35  microns  wide. 

ADN  (ammonium  dinitramide)  used  in  this  work  have  been  synthesized  at  Zelinsky 
Institute  of  Organic  Chemistry  Russian  Academy  of  Sciences.  The  main  impurity  was  AN  ( 
less  than  3% ).  Melting  started  at  90-94®C.  HTPB  (hudroxyl-terminated  polubutadiene  )  was 
produced  by  the  firm  elf  atochemIKlQ,  Philadelpia. 

In  all  experiments  non-cured  propellant  strands  8  mm  in  diameter  and  ~15  mm  in 
length  were  used.  Crystalline  ADN  powder  with  particles  average  dimension  of  ~  40 
microns  was  taken  to  prepare  propellant.  Samples  prepared  from  HTPB  (liquid)  and  ADN 
(powder)  immediate  mechanical  mixing  were  also  used  in  the  work.  At  low  fuel  content 
(3%)  HTPB  dissolved  in  hexane  (ADN  is  not  dissolved  in  hexane)  was  used  to  prepare 
homogeneous  propellant.  Composite  propellant  was  prepared  by  drying  the  mixture  in  a  dry 
cell  at  room  temperature  under  multiple  mixing  providing  HTPB  uniform  distribution 
around  ADN  crystals. 

Stoichiometric  propellant  formulation  corresponds  to  ADN/HTPB  components 
composition  7.67%:93.2%  (by  mass).  Fuel  amount  in  a  mixture  of  formulation  under 
consideration  ranged  from  20%  to  3%  (by  mass). 

RESULTS  AND  DISCUSSION 

Table  1  represents  some  visual  flame  characteristics,  burning  rates  and  final  flame 
temperature  for  the  propellants  under  consideration.  For  the  propellants  of  high  fuel 
content  (20  and  10%)  at  1  atm  black  resinous  formations  at  the  burning  surface  shaped  as 
craters  and  carboneous  skeleton  cropping  out  from  the  burning  surface  into  gas  phase 
were  observed.  The  burning  rate  was  increasing  therewith  from  -0.9  mm/sec  to  -1.5 
mm/sec  with  the  fall  in  fuel  content  (from  20  to  10%),  The  temperature  of  HTPB 
decomposition  start  (-450  °C)  is  much  more  the  temperature  of  ADN  decomposition  start 
(-130  °C).  One  can  suggest  that  having  a  high  fiiel  content  in  a  formulation  (20%)  with  a 
readily  melting  oxidizer  (ADN  melting  point  is  -90  °C)  rubber  can  play  a  role  of  inert  filler 
incapable  to  react  completely  at  condition  of  experiment.  With  insignificant  pressure  rise 
from  1  to  3  atm  for  propellant  10/90  (HTPB/ADN)  the  burning  rate  increased  more  than 
two  fold.  Stoichiometric  propellant  composition  at  6  atm  provides  the  burning  rate  of -7,3 
mm/s  and  the  temperature  of  final  combustion  products  of  -3000°C.  The  length  of 
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luminous  zone  above  the  strand  was  ~  5  cm.  For  propellant  3/97  (HTPB/ADN)  at  6  atm 
video-recording  nearby  the  burning  surface  allowed  the  reveal  of  dark  zone  of  ~0,3  nun, 
which  was  in  agreement  with  the  data  found  when  studying  ADN-based  sandwiches  [8], 
The  dark  zone  width  increases  up  to  1.5  mm  with  pressure  fall  to  1  atm.  Propellant  3/97 
(HTPB/ADN)  combustion  was  jetting  in  nature.  Video-recording  demonstrated  the 
existence  of  several  brightly  luminous  torches  Oets)  of  about  0.5+1  mm  in  diameter  at  the 
burning  surface  disappearing  at  one  site  and  appearing  at  another.  One  torch  (jet)  life  time 
is  0.2  s.  The  spatial  heterogeneity  and  non-stationary  nature  of  the  propellant  combustion 
process  is  in  agreement  with  mass-spectrometric  and  temperature  measurements. 
Thermocouple  investigations  have  shown  temperature  fluctuations  (Fig.2)  of  about 
±400°C  at  1  atm  in  flame  zone  within  1.5-4  mm  from  the  burning  surface.  Along  with  the 
temperature  fluctuations  in  the  intensities  of  mass  peaks  17  (NH3*),  28  (CO^,  N2'^),  30 
(NO'^),  46  (HNO3*,  NO2*),  44  (C02^  N2O*)  take  place  as  well  (Fig.3).  The  data  on  mass 
peaks  relative  intensities  of  combustion  products  nearby  the  burning  surface  of 
ADN/HTPB  97/3  propellant  and  pure  ADN  at  1  atm  are  close  by  their  values  and 
represented  in  Table  2.  One  can  suggest  that  mainly  pure  ADN  combustion  products  are 
found  in  dark  zone  on  propellant  combustion,  and  when  mixing  them  with  HTPB 
decomposition  products  luminous  jets  are  formed  in  gas  phase.  Mass  peaks  relative 
intensities  in  mass-spectra  of  samples  withdrawn  from  an  luminous  zone  for  3/97 
propellant  at  pressures  of  0.5;  0.75;  1  atm  were  represented  in  Table  3.  Combustion  nature 
did  not  change  with  pressure  variation,  it  remained  jetting.  The  rise  of  jets  number  formed 
at  the  burning  surface,  the  increase  of  peak  amu  28  (CO'^,  N2*)  intensity  and  the  decrease 
of  peak  44  amu  (CO2*,  N2OO  intensity  are  observed  with  the  pressure  fall.  This  bears  a 
witness  to  the  fall  in  combustion  completeness  and  inefficient  binder  interaction  with  an 
oxidizer  in  condensed  phase.  One  of  the  explanations  to  the  existence  of  luminous  jets  with 
mean  size  of -0,5- 1  nun  at  the  burning  surface  exceeding  the  size  of  fuel  powder  particles 
(-0.04  mm)  can  be  agglomeration  of  small  ADN  particles  into  large  ones  at  the  burning 
surface.  Similar  phenomenon  has  been  found  when  observing  ADN  particles  behavior  in 
non-cured  HTPB  [9].  On  heating  melted  ADN  moved  together,  and  on  cooling  it  is 
crystallized  in  large  particles  of  ~1  mm.  Similar  processes  can  take  place  on  propellant 
combustion  as  well. 

Element  composition  of  the  propellant  HTPB/ADN  (3/97)  is  as  follows: 
N3.129H3.567O3.131C0.22.  Additional  calibration  experiments  by  CO2  were  carried  out 
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122/144=0.93  %.  In  the  conducted  experiments  :l22(CO2^"’)/l44(CO2*,N2O*)=0.3%.  This  value 
■was  close  to  the  limits  of  TOFMS  sensitivity.  However  the  background  spectrum  is  free 
from  peak  with  m/e=22,  which  allows  us  to  measure  this  peak  in  our  experiments  at  the 
highest  accuracy,  that  is  0.30+0.06%.  Identification  of  CO2  was  conducted  by  mass  m/e  22 
(CO2*0  and  refined  using  peak  m/e  12.  The  measured  peaks  12  and  22  intensities  were 
found  to  exclude  CO*  input  into  m/e  28.  The  calculations  performed  allowed  the  following 
gas  phase  composition  of  HTPB/ADN  (3/97)  composite  propellant  combustion  products 
in  mole  fraction: 

NHj  H2O  N2  NO  N2O  CO2 

0.01  0.35  0.13  0.26  0.18  0.06 

The  following  (N/0)  products  ratio  normalized  per  (N/0)  ratio  in  the  propellant 
was  taken  to  test  the  fulfillment  of  material  balance.  The  data  obtained  for  all  elements  are 
cited  below: 

(N/0)pr<xlucU  /(N/0)pro|)ellant  =0.98;  (H/O)prodiicu/(H/O)propeIUnl=0.72; 

(C/0)pro<iuci«  /(C/O)propoii>nt=0.94.  This  ratio  is  to  approach  to  1. 

The  combustion  products  composition  of  a  composite  propellant  ADN/HTPB  97/3 
at  1  atm  approaches  the  products  composition  of  pure  ADN  combustion  at  p=6  atm  [4]  by 
the  content  of  nitrogen-contain  components  ( Table  4.). 

CONCLUSION 

Composite  propellants  ADN/HTPB  (with  HTPB  content  by  mass  from  3%  to  20%) 
at  0.54-6  atm  show  non-homogeneous  jet  combustion  .  As  distinct  from  AP-based 
propellants  ,  ADN  propellant  flame  is  far  from  the  burning  surface  (which  is  apparent  from 
temperature,  mass-spectrometric  measurements  and  video-recording)  and  most  possibly 
does  not  effect  the  propellant  burning  rate  due  to  low  temperature  gradients.  Individual 
luminous  jets  with  the  average  time  life  of -0,2  sec  can  emerge  above  the  propellant  surface 
within  -0.54-2  mm.  The  generation  of  such  torches  (jets)  the  size  of  0.5+1  mm  is  attributable 
to  1)  small  melted  ADN  particles  agglomeration  into  the  large  ones  at  the  burning  surface; 
2)  generation  of  a  diffusion  flame  torch.  At  the  same  time  small  ADN  particles 
decomposition  at  the  burning  surface  is  likely  to  be  inhibited  by  the  binder.  This  can  bring  an 
explanation  to  the  fact  that  adding  even  small  fuel  amount  (3%  of  HTPB)  provides  the  fall 
(and  not  the  rise  as  in  the  case  of  AP)  of  the  fuel  burning  rate  several  times  (24-3)  as 
compared  with  pure  ADN  burning  rate  within  14-6  atm  pressure  range.  At  the  same  time  the 
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final  temperature  of  composite  propellant  combustion  products  (~2100  °C)  far  exceeds  the 
temperature  of  pure  ADN  combustion  (-350  °C)  at  1  atm.  The  composition  of  nitrogen- 
containing  final  products  of  the  same  propellant  is  close  to  pure  ADN  combustion  products 
composition  at  6  atm. 
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Fig.l  MBMS  system  for  studying  the  flame  stracture 
of  solid  propellants  with  TOFMS. 

1)  combustion  chamber;  2)  scanning  system;  3)  probe;  4)  ion  source;  5)  skimmer 
chamber;  6)  collimator  chamber;  7)  drift  tube;  8)  stainless  steel  skimmer; 
9)  collimator;  10)  slotted  disk;  11)  electromagnetic  chopper;  12)  ignition 
spiral;  13)  stepper  motor;  14)  burning  strand;  15)  tliermocouple. 


mass  peak  intensity,  ar.units  Temperature,  oc 


2000 

1500 

1000 

500 

0  12  3  4 

Distance  from  the  burnina  surface,  mm 

Temperature  profiles  in  HTPB/ADN  (3/97)  flame  at  1  atm. 

3000 

2500 

2000 

1500 

1000 

500 

0 

0.0  0.5  1.0  1.5  2.0  2.5  3.0 

Distance  from  the  burning  surface,  mm 

Fig.3.  Mass  peak  intensity  profiles  in  HTPB/ADN  (3/97)  flame  at  1  atm. 
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Table  1. 


Composition 
of  propellants 
HTPB/ADN 

Pressure, 

atm 

Burning 
rate,  imn/s 

Final 

temperature, 

“C 

Visual  characteristics 

20/80 

1 

-0.9 

carbonaceous  bubbles  on  the 
surface 

10/90 

1 

* 

carbonaceous  skeleton  in 
some  places  of  the  strand 

10/90 

3 

-3.4 

* 

7/93 

6 

mm 

above 

3000 

the  height  of  liuninous  zone 
is  about  5  cm 

3/97 

6 

mm 

* 

3/97 

1 

-1.2 

«2100 

j 

luminous  sprays  with  the 
characteristic  dimensions  less 
than  1  mm  in  diameter  and 
characteristic  lifetime  -0.2  s. 

*  Were  not  measured 


Table  2.Relative  mass  peaks  intensities  in  HTPB/ADN  (3/97)  composite  propellant 
flame  at  the  pressure  1  atm  ( dark  zone  near  the  burning  surface). 
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Table  3.Relative  mass  peaks  intensities  in  HTPB/ADN  (3%:97%)  flame  at 
the  pressure  1,  0.75,  0.5  atm  (luminous  zone,  ~8mm  from  the  burning 

surface). 


m 

ESS 

18 

H2O+ 

30 

N0+,N20^ 

HN03‘",N02"' 

44 

N2O+, 

CO2+ 

46 

N02^ 

HNOs'" 

— 

B 

1 

li/ZIi 

0.05 

0.14 

0.30 

0.29 

<0.01 

0.21 

0.75 

li/SIi 

0.05 

0.18 

0.25 

0.15 

<0.01 

0.35 

0.5 

li/SIi 

0.05 

0.15 

0.20 

0.18 

<0.01 

0.41 

Eli  -  a  sum  of  Ii 

Table  4.  Comparative  table  of  the  flame  temperature  and  the 
combustion  products  final  composition  of  pure  ADN  and  ADN/HTPB 
composite  propellant. 
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Entwicklung  von  Hotspots  in  energetischen  Materialien 
Development  of  Hot  Spots  in  Energetic  Materials 


G.  Langer,  N.  Eisenreich 
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Abstract 

The  transition  between  deflagration  and  detonation  is  not  only  of  interest  in 
understanding  the  initiation  of  a  detonation  but  also  of  practical  importance.  Many 
problems  in  the  field  of  vulnerability  depend  on  DDT  and  there  are  also  some 
applications  in  the  field  of  new  charge  technologies  .  In  the  case  of  porous  materials  hot 
spots  seem  to  be  responsible  for  the  transition  of  deflagration  to  detonation.  Here  hot 
spots  are  defined  theoretically  as  a  short,  focused  energy  input  which  is  caused  by  a 
shock  wave  or  penetrating  hot  gas.  Solving  the  heat  flow  equation  some  interesting 
cases  can  be  discussed.  An  inert  material  can  only  spread  out  the  heat  pulses  to  a 
uniform  distribution.  A  reactive  material  pyrolyses  by  formation  of  craters  or  ignites. 
Depending  on  the  density  of  the  hot  spots  and  the  intensity  of  the  energy  input  the 
reacting  front  follows  the  generating  wave  immediately  or  delayed. 


Kurzfassung 

Der  Ubergangsbereich  zwischen  Deflagration  und  Detonation  ist  einerseits  von  grund- 
legendem  Interesse,  urn  die  Initiierung  der  Detonation  zu  verstehen,  andererseits  aber 
auch  von  praktischer  Bedeutung,  da  viele  Fragen  der  Empfindlichkeit  damit  verknupft 
sind  und  Anwendungen  fur  neue  Antriebe  moglich  scheinen.  Bei  porosen  Materialien 
werden  meist  Hotspots  fur  den  Ubergang  Deflagration/Detonation  verantwortlich 
gemacht. 

Hotspots  werden  hier  theoretisch  durch  sehr  kurzen,  punktformigen  Energieeintrag 
definiert,  der  als  Ursache  z.B.  eine  StoBwelle  oder  in  Poren  eindringendes  HeiBgas  hat. 
Durch  numerische  Losung  der  Warmeleitungsgleichung  konnen  einige  interessante  Falle 
diskutiert  werden.  In  einem  inerten  Feststoff  kann  sich  der  Energiepuls,  der  sukzessive 
das  Material  erfaBt,  nur  verteilen,  bei  einem  reaktiven  Feststoff  kann  er  auch  zur 
Pyrolyse,  Kraterbildung  oder  Anzundung  fuhren.  Abhangig  von  der  Hotspotdichte  foigt 
die  Reaktionsfront  der  erzeugenden  Welle  unmittelbar  oder  verzogert. 
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Einleitung 

Die  Umsetzungsgeschwindigkeit  energetischer  Stoffe  variiert  je  nach  Initiierung,  Dichte 
und  Formulierung  erheblich.  Bei  der  Verbrennung  liegt  sie  im  Bereich  zwischen  0.01 
cm/s  und  100  cm/s,  bei  der  sog.  langsamen  Detonation  erhalt  man  1000  bis  2500  m/s 
und  erreicht  bei  idealer  Detonation  Werte  bis  zu  10000  m/s.  Der  Obergangsbereich 
zwischen  Deflagration  und  Detonation  ist  einerseits  von  grundlegendem  Interesse,  urn 
die  Initiierung  der  Detonation  zu  verstehen,  andererseits  aber  auch  von  praktischer 
Bedeutung,  da  viele  Fragen  der  Empfindlichkeit  damit  verknupft  sind  /1, 2/. 

Fur  neue  Antriebstechnologien  waren  ebenfalls  Bereiche  schneller  Verbrennung  und 
lansamer  Detonation  wunschenswert  -  wenn  der  massive  Druckanstieg  im  System 
kontrollierbar  ist.  Solche  stabilen  Zustande  konnen  unter  gewissen  Randbedingungen 
reproduzierbar  realisiert  warden,  wie  Samirant  fur  Ladungen  mittleren  Dichte  zeigte 
/3,4/.  Mogliche  Anwendungsgebiete  ergeben  sich  bei  der  Umsetzung  von  kompakten 
Ladungen  Oder  bei  Impulsgebern. 

Es  eroffnen  sich  damit  eine  Reihe  von  Problemstellungen,  die  geklart  mussen.  Von  der 
experimentellen  Seite  her  stellen  z.B.  die  Abhangigkeit  von  der  Ladungsgeometrie  und 
der  Anzundung  wichtige  Punkte  dar.  Von  theoretischer  Seite  interessieren  die 
Mechanismen,  die  zu  den  hohen  Verbrennungs-  Oder  langsamen 
Detonationsgeschwindigkeiten  fuhren  und  fur  einen  stabilen  Zustand  sorgen  /1 ,2,5-1 1/. 
Letzteres  ist  auch  von  sicherheitstechnischer  Bedeutung. 

In  dieser  Arbeit  wird  anhand  eines  einfachen  thermischen  Modells  qualitativ  untersucht, 
wie  Flotspots,  die  sukzessive  durch  einen  nicht  welter  spezifizierten  Mechanismus,  z.B. 
durch  eine  StoBwelle,  entstehen,  die  chemische  Umsetzung  eines  energetischen 
Materials  initiieren. 


Modellvorsteflung 

Als  Reaktionsmedium  dient  ein  hoch  idealisiertes  energetisches  Material,  von  dem 
Konstanz  aller  physikalischen  und  chemischen  StoffgroBen  angenommen  wird.  In 
diesem  Medium  soli  eine  Welle  voranschreiten,  die  sukzessive  Flotspots  erzeugt,  die  in 
einer  chemischen  Reaktion  fur  die  Umsetzung  des  Materials  sorgen  /1 4/.  Solch  ein 
Mechanismus  konnte  z.B.  eine  StoBwelle,  die  Poren  adiabatisch  aufheizt  oder  in  porose 
Strukturen  eindringende  heiBe  Gase  sein.  Der  Warmeeintrag  ins  Material  wird  als  6- 
Funktion  oder  GauBfunktion  angenommen,  wobei  im  Prinzip  jede  beliebige  Form 
Verwendung  finden  konnte.  Die  weitere  Entwicklung  dieser  und  der  durch  die  Reaktion 
erzeugten  Temperaturverteilung  erfoigt  durch  die  Wameleitungsgleichung. 

Q(x,t):  Warme  von  einer  externen  Quelle 

q* :  Warme  erzeugt  durch  den  Umsatz  des  Spezies  q 

X:  Warmeleitfahigkeit 

p:  Dichte 

c:  spezifische  Warme 

q:  Konzentration  der  Spezies 

t  =  —t*,  Q^Q*U,  qi=qi*/^ 
cp 


^-AT^Q{x,t)+Y.qi^ 
at  at 
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In  einem  inerten  Medium  ohne  chemische  Reaktion  ergibt  sich  die  Losung  von 
eingebrachten  Warmequellen  sofort  uber  die  Greensfunktion  (siehe  z.B.  /1 2/); 


T{x,t)  =  \  I 


Q{x,t)e 


(x-rY 

■  4((-«') 


J  J  3/ 

o-oo  {An(j:-t')Y'^ 


-s{r)s{t')dx'dt' 


Wenn  Warmequellen  Qijk6(x-Xij,,)6(t-t|ji<)  eingebracht  werden,  laBt  sich  die  Losung  sofort 
hinschreiben  (fur  einen  einen  einzelen  Puls  siehe /1 3, 14/): 

(^-Xi.j,k  f 


i,j,K  O  ■  ,e 


Auch  fCir  GauBfunktionen  als  Warmequellen  ergibt  sich  noch  eine  analytische  Losung, 
da  wiederum  GauBfunktionen  entstehen. 

Bei  Ausbreitung  einer  ebenen  StoBwelle  mit  der  Geschwindigkeit  V;  in  x-Richtung 
ergeben  sich  die  Zeiten  sukzessiv  mit  einer  eventuellen  Reaktionszeit  t,,: 


n,j,k  ^n-\,j,k 


^n,j,k  ^n-l,j,k 

Vs 


+  t 


R 


Im  inerten  Medium  stellt  sich  nach  langerer  Zeit  ein  konstanter  Temperaturwert  ein,  der 
bei  aquidistanten  Hotspots  vergleichbar  dem  Abkiingen  einer  gedampften  Welle  erreicht 
wird. 

Der  Umsatzmechanismus  ist  im  Prinzip  beliebig  zu  wahlen,  wobei  hier  Reaktionen  nach 
Arrhenius  angesetzt  werden: 

Bei  chemischer  Reaktion  mit  Arrheniuskonstanten  kann  die  Losung  nicht  mehr 
analytisch  gefunden  werden,  sodaB  numerisch  integriert  werden  muB.  Im  Gegensatz  zu 
haufig  verwendeten  FEM-Verfahren  wird  hier  eine  Integration  tiber  die  Greensfunktion 
versucht: 

Es  sei  eine  Anfangstemperaturverteilung  To(x,0)  gegeben.  Diese  entwickelt  sich  in  einem 
Zeitschritt  At  einerseits  uber  das  Faltungsintegral  (siehe  oben)  weiter.  Andererseits 
entsteht  an  jedem  Ort  eine  Temperaturveranderung,  entsprechend  der  chemischen 
Reaktion,  die  zum  Faltungsintegral  addiert  wird,  womit  T,(x,t,)  entsteht.  Dieses  wird  als 
momentan  eingebracht  angesehen  und  entwickelt  sich  ebenfalls  zeitlich  uber  das 
Faltungsintegral  weiter.  T„(x,tJ  erhalt  man  durch  n-fache  Anwendung  eines  solchen 
Schrittes. 
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ro(x,0)=^Qo(^MO 
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Einige  Beispiele,  die  mit  den  kinetischen  Daten  stabilisierter  Nitrocellulose  gerechnet 
wurden,  sind  in  den  Abbildungen  1  bis  4  dargestellt.  Die  berechneten  Temperaturprofile 
sind  zu  verschiedenen  Zeiten  zweidimensional  aufgetragen. 

Im  wesentlichen  sind  folgende  Falle  zu  unterscheiden: 

•  Die  Hotspots  uberlagern  sich,  wobei  eine  gleichmaBige  Temperaturerhohung  erfoigt 
und  eine  ubergreifende  Anzundung  (bei  geringem  Energieeintrag  keine  Reaktion) 
stattfindet. 

•  Die  chemische  Reaktionswelle  foigt  unmittelbar  der  erzeugenden  Welle 

•  Die  chemische  Reaktionswelle  foigt  verzogert  der  erzeugenden  Welle 

•  Die  Hotspots  uberlagern  nur  zum  Teil,  so  daB  eln  stark  verzogertes  heterogenes 
Reaktionsmuster  entsteht. 


•  Die  zeitlich  auseinanderlaufenden  Hotspots  uberlappen  nicht  oder  nur  wenig,  so 
bleibt  die  Temperaturerhohung  entweder  ohne  Konsequenzen  oder  fiihrt  nur  zur 
lokalen  AnzGndung. 

Entscheidend  fur  den  zu  beobachtbaren  Effekt  ist  die  Dichte  der  Hotspots  und  die 
Intensitat  der  eingebrachten  Warme. 
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Abstract 

Damages  by  hazardous  fires  are  caused  by  oxidation  and  pyrolysis,  contamination  from 
combustion  products  and  convective  and  radiative  heat  flux.  An  effective  risk  assessment 
needs  quantitative  data  of  these  effects  on  different  flammable  materials  to  make  an 
effective  and  safe  design  of  buildings  and  industrial  structures.  To  reach  such  data  many 
experiments  with  pool  fires  have  been  done  in  a  moderate  scale.  To  transfer  the  results  on 
real  fires  the  time  history  and  non-homogenous  structure  of  the  flame  has  taken  into 
account.  This  investigations  need  robust,  non-intrusive  and  fast  scanning  measuring 
techniques  like  pyrometry,  spectroscopy  and  cinematography.  They  have  to  be  applied 
together  to  get  an  comprehensive  image  of  the  heat  transfer  dependent  on  time  and 
location.  Various  methods,  experimental  set-ups  and  characteristic  results  are  described  like 
a  fast  scanning  2-colour-pyrometer  to  measure  simultaneously  the  heat  flux  and  flame 
temperature  with  a  time  resolution  up  to  10  kHz.  Concentrations  of  intermediate  flame 
radicals  and  combustion  products  in  short  time  flame  structures  are  sampled  (with  less  than 
10  ms)  using  UVA/is-  and  IR-spectrometers.  The  distribution  of  heat  radiation  was 
determined  using  a  simple  video  system  and  a  thermo  camera  equipped  with  a  special  data 
analysing  software.  On  the  results  non-stationary  radiation  model  was  derived  to  estimate 
heat  flux  on  an  endangered  target. 

Introduction 

The  damaging  effect  of  hazardous  fires  comprises  the  chemical  conversion  of  materials,  the 
emission  and  deposition  of  pyrolysis  and  combustion  residues  and  the  radiant  heat.  The 
latter  is  the  main  hazardous  source  of  energy  transfer  to  the  near  objects  resulting.  The 
calculation  of  the  heat  q^  radiated  from  a  fire  to  a  target  at  distance  y^  demands  a  realistic 
model  of  the  contours  of  the  flame  and  the  local  and  temporal  distribution  of  the  zones 
emitting  the  radiation. 

Although  recently  the  radiation  source  pool  fire  was  simulated  by  sophisticated  numerical 
calculations  [1, 2,4,6],  practical  application  use  two  simplified  models  [3,7]. 

The  model  using  point  sources  assumes  the  radiation  to  be  emitted  by  central  point  and  as 
the  radiation  at  a  distance  yj  to  be  inversely  proportional  to  y^^ 
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qr^r)  = 


Qk 


Eq.  1 


=  jji,  m"  He  consists  of  the  burn  rate  m",  the  heat  of  combustion  and  an  empirical 
factor  Xr,  which  accounts  for  the  fraction  of  energy  radiated. 


The  surface  emission  model  assumes  constant  emission  E  from  the  surface  Aj^p  of  a  regular 
body  e.g.  a  cylinder  or  a  sphere  [8],  The  radiant  heat  incident  on  a  target  Qt  is  obtained  by 
the  viewing  factor  9,2  which  depends  on  the  distance  and  the  atmospheric  transmission  x. 

qT(yT)  =  «Pi2(yT)'t(yT)E  Eq.  2 


9,2  is  given  by  the  solid  angles  of  source  and  target  [14,  1 5].  The  atmospheric  absorption  is 
normally  neglected  (t  «  1). 

Both  models  assume  a  constant  shape  of  the  flame  body  which  emits  averaged  radiation 
with  respect  to  time  and  position.  However,  time-resolved  optical  Investigations  show  that 
this  approach  oversimplifies  the  situation  [13,  16,  17].  Rasbash  [17]  emphasises  that  the 
flame  of  pool  fires  can  periodically  change  its  visual  height  by  a  factor  of  2  within  short 
time  intervals  of  less  than  a  second. 

The  emitted  radiation  fluctuates  even  by  an  order  of  magnitude.  It  depends  strongly  on  the 
temperature  distribution  and  the  chemical  composition  of  the  flame  [18].  In  principle,  two 
types  appear: 

•  continuous  radiation  from  soot  particles 

•  molecular  bands  from  hot  gases 

The  continuous  emission  the  radiance  is  described  by  blackbody  radiation 


Eq.  3 


or  more  correctly  modified  by  an  emissivity  e  depending  on  wavelength  X  and  temperature 
T: 


L,{X,T)  =  s{X,T)-L^{X,T)  Eq.4 

In  the  case  that  a  grey  body  radiation  is  assumed  the  emissivity  does  not  depend  on 
wavelength  and  temperature. 

L,{X,f)=sL^{A,T)  Eq.5 

It  was  shown  that  sooty  flame  can  be  described  by  a  grey  body  radiator  in  [1 1  ].  The 
integration  of  Ub  results  in  the  Stefan-Boltzmann  law  of  radiation  which  relates  the  total 
radiance  to  the  4th  power  of  temperature. 

E  =  saT^  ’  Eq.  6 

8  depends  on  the  soot  concentration  and  on  the  volumes  of  the  emitting  body.  It  Is  very 
low  for  lean  and  small  flames  {=  0.001)  and  close  to  1  for  large  and  sooty  fires. 
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In  the  following  pool  fires  are  investigated  at  a  small  scale  where  strong  fluctuations  of  the 
flame  body  and  the  radiation  are  observed.  The  variation  of  the  radiating  flame  contours 
and  volumes  were  measured  and  the  intensity  and  dependence  on  the  wavelength  of  the 
radiation  analysed  to  obtain  flame  temperature  distributions.  The  results  lead  to  a  dynamic 
model  of  the  flame  body,  its  emission  of  radiation  and  the  related  effect  on  Irradiated 
objects. 

Experimental 

The  experiments  were  performed  in  a  cylindrical  steel  pool  (113  mm  diameter,  40  mm 
height)  studying  various  fuels  (iso-octane,  2-propanol,  methanol,  nitromethane)  using  an 
automatic  fuel  supply  to  substitute  consumed  fuel. 

A  video  and  a  thermal  imaging  camera  observed  the  contours  of  the  flames.  The  video 
camera  had  a  time  resolution  of  25  frames/s  the  thermal  imaging  camera  30  Is.  A  band 
filter  allowed  to  select  the  spectral  region  of  the  COj-band  from  4.1  to  4.4  pm.  The  video 
data  were  transferred  to  a  PC  by  a  frame  grabber  and  evaluated  by  a  computer  code 
AVICOR  which  was  developed  to  process  the  images  of  the  fluctuating  flames.  AVICOR 
allows  a  statistical  evaluation  of  the  video  images  with  respect  to  intensity  distributions  of 
single  frames  or  frame  sequences.  The  statistical  evaluation  comprises  sums  of  lines  and 
columns,  variances  and  histograms. 

The  radiation  of  the  pool  fires  was  recorded  by  fast  scanning  spectrometers  in  the 
ultraviolet,  visible  and  infrared  spectral  range: 

•  IDARRS:  UVAfis  (280  to  900  nm),  grating  spectrometer  with  1 024  intensified  diodes, 
recording  up  to  100  spectra/s 

•  FiRa:  IR  (2400  nm  to  1 5000  nm)  InSn/HgCdTe-detector,  fast  scanning  filter  wheel  with 
continuous  wavelength  variation  up  to  130  spectra/s 

The  spectra  were  quantitatively  calibrated  with  respect  to  intensity  by  the  use  of  a  black 
body  radiator. 

Results 

Flame  Geometry 

The  flames  of  pool  fires  of  diameters  higher  than  5  cm  show  complicated  contours  strongly 
varying  with  time  and  non-homogeneous  distributions  of  radiance.  This  flickering  is  not 
irregular  but  repeats  periodically  similar  structures.  Fig.  1  shows  a  sequence  of  video  frames 
of  a  iso-octane  pool  flame.  The  flame  height  varies  quasi-periodically  in  time  intervals  of 
0.2  s.  A  flame  ball  produced  at  the  flame  base  moves  upwards.  It  disappears  at  a  height  of 
about  5  to  1 0  diameters  of  the  flame  base  after  the  subsequent  flame  ball  was  produced  at 
the  base.  The  frequency  of  the  period  depends  strongly  on  the  pool  diameter  and  to  some 
extend  on  the  temperature  of  the  pool.  This  behaviour  is  similar  for  all  fuels  investigated 
and  agrees  with  that  of  other  self-stabilising  diffusion  flames  [7,  12]. 


Fig.  2  Distribution  of  the  accumulated  brightness  of  the  flame  in  axial  direction,  the 
numbers  tag  flame  balls  to  be  recognised  at  different  frames  (evaluation  of  a 
sequence  of  video  frames) 
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The  rising  flame  ball  is  not  only  enlarged  with  respect  to  the  flame  base  but  shows  higher 
brightness  which  is  indicated  by  the  time  evolution  of  it  over  the  flame  height  depicted  in 
fig.  2.  The  data  were  obtained  by  an  evaluation  of  the  video  frames  accumulating 
intensities  transversal  to  the  flame  axis.  Centres  are  observed  which  emit  maxima  of 
radiation.  A  stable  centre  is  located  at  the  flame  base  at  a  height  of  half  of  the  pool 
diameter  d.  It  seems  to  emit  luminous  maxima  which  ascend  with  increasing  velocity  and 
disappear  later.  The  luminous  centres  are  identical  to  the  luminous  flame  balls  as  indicated 
by  a  comparison  of  the  video  evaluation  with  the  video  frames  itself.  Fig.  3  shows  the 
position-time  cun/es  of  several  flame  maxima  whereas  the  time  of  formation  of  each  is  set 
to  0.  The  brightness  of  the  flame  in  the  visual  spectral  range  is  similar  to  the  brightness  in 
the  IR  which  is  illustrated  in  fig.4  by  comparing  the  video  frames  with  thermo  camera 
frames.  The  agreement  is  good  for  the  sooty  flames.  However,  the  thermo  camera  observes 
also  similar  structures  for  non-sooty  flames  compared  to  the  structures  of  sooty  flames  (e.g. 
with  methanol  as  fuel).  The  reason  is  that  water  and  carbon  dioxide  mainly  emit  the 
radiation  of  non-sooty  flames  with  strong  bands  only  in  the  IR. 


Fig.  3:  Typical  position-time  curves  of  flame  balls  after  their  formation 


Time  Resolved  Spectroscopy  of  the  Pool  Flame 

Focusing  a  fixed  spot  above  the  pool  onto  the  entrance  slit  of  a  spectrometer  it  records 
successively  the  transient  emission  from  passing  flame  balls.  As  expected  by  the  analysis  of 
the  video  frames  the  flame  balls  also  show  strong  emission  when  spectrally  resolved.  Fig  5 
shows  a  series  of  spectra  in  the  visible  spectral  range  measured  at  a  height  of  220  m  above 
the  pool  surface.  The  spectra  vary  periodically  with  time  and  are  dominated  by  a  continuum 
obviously  emitted  by  the  soot.  Continuous  spectra  are  especially  emitted  by  the  flames  of 
iso-octane  and  2-propanol. 
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Fig.  5:  Sequence  of  spectra  in  the  visible  range  measured  220  mm  above  a  iso-octane 
pool  surface 


These  continuous  spectra  were  analysed  by  a  least  squares  fit  on  the  formula  Eq.  5  of  the 
grey  body  radiation.  Temperature  T  of  the  flame  and  emissivity  e  were  used  as  fit 
parameters.  Fig  6  shows  the  analysis  of  an  iso-octane  spectrum  measured  220  mm  above 
the  pool  surface.  The  solid  line  represents  the  calculated  spectrum  obtained  from  the  fit. 
The  close  agreement  of  experimental  and  calculated  curve  demonstrate  that  the  emission 
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of  the  iso-octane  pool  fires  above  the  flame  base  can  be  assigned  to  the  emission  of  a  grey 
body.  The  time  characteristics  of  the  temperature,  the  emissivity  and  the  radiance  obtained 
for  the  same  flame  is  plotted  in  fig.  7.  The  emissivity  varies  between  0.05  and  0.15  and  is 
highest  at  the  flame  balls  which  are  given  by  the  maxima  of  brightness.  In  the  zone  of  the 
flame  base  (below  50  mm)  it  lies  significantly  lower  between  0.02  and  0.1 .  High  values  of  s 
up  to  0.8  are  found  at  the  top  of  the  flame  where  smoke  formation  is  observed.  The 
temperature  oscillates  between  1500  K  and  1700  K.  High  temperatures  coincide  with  low 
values  of  e.  The  temperature  of  the  flame  balls  in  fig.  7  is  characteristic  also  for  the  other 
flame  zones  above  the  flame  base. 

The  fuel  2-propanol  gives  higher  temperatures  which  lie  between  1 600  and  1 800  K  and 
the  emissivity  between  0.03  and  0.1 .  The  intensity  of  the  flame  emission  of  methanol  and 
nitromethane  is  one  order  of  magnitude  lower  than  that  of  iso-octane.  Therefore  a  time 
resolution  as  used  in  the  case  of  iso-octane  is  more  difficult.  The  emission  in  the  visible 
range  is  composed  of  bands  of  the  radicals  OH,  NH,  CN  and  CH.  These  radical  bands  can 
be  in  general  used  to  obtain  temperatures  but  the  low  intensities  and  the  insufficient  time 
resolution  do  not  allow  a  reliable  evaluation.  In  addition,  a  broad  band  is  observed  in  the 
blue  wavelength  range  which  can  be  assigned  to  chemoluminescence  of  the  reaction  of  CO 
to  COj.  This  band  cannot  be  used  for  a  temperature  evaluation.  A  grey  body  radiation  was 
very  low  or  not  found. 


Fig.  6:  Continuous  spectrum  of  an  isooctane  pool  flame  and  its  least  squares  fit  by  grey 
body  radiation 
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Fig.  7:  Plot  of  the  time  characteristics  of  an  iso-octane  pool  flame  (220  mm  above  pool 
surface)  temperature,  emissivity  and  radiance. 


Similar  fluctuations  can  be  found  regarding  series  of  IR-spectra  like  shown  in  Fig,  8.  A  semi- 
quantitative  data  analysis  was  applied  by  using  band  modelling.  A  computer  code 
calculates  IR-spectra  (1-10  pm)  of  non-homogeneous  gas  mixtures  of  HjO  (bands  near 
1 .3,  1 .8,  2.7  and  6.2  pm),  CO^  (near  2.7  and  4.3  pm),  CO,  NO  and  HCI  and  can  take  into 
account  emission  of  soot  particles.  It  is  based  on  a  single  line  group  model  using  also 
tabulated  data  of  H^O  and  CO2  [18].  Because  there  are  many  unknown  parameters 
affecting  the  emission  spectrum  of  a  non-homogeneous  gas  mixture,  only  a  simplified 
model  can  be  employed.  Therefore  we  have  assumed  that  there  is  just  one  emitting  layer  of 
undefined  thickness,  constant  temperature,  constant  concentration  of  the  various  gases 
and  soot  particles  in  thermal  equilibrium.  These  assumptions  lead  to  a  reduced  number  of 
parameters,  which  can  be  determined  by  fitting  calculated  spectra  to  experimental  data. 

Fig.  9  gives  a  characteristic  example  and  fig.  10  shows  also  exemplary  the  time 
characteristics  of  parameters  of  an  iso-octane  pool  flame  measured  100  mm  above  the 
pool  surface.  It  is  obvious  that  the  variations  of  luminous  intensity  correlate  to  the  radiation 
of  soot  and  combustion  products  like  water  and  COj.  Temperature  values  of  IR-radiation 
are  in  the  same  magnitude  of  size  like  the  fits  to  the  visible  spectral  range. 


Fig.  8:  Sequence  of  spectra  in  the  IR  range  measured  180  mm  above  a  iso-octane  pool 
surface 
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Fig.  9:  Least  squares  fit  of  a  IR  spectrum  of  an  iso-octane  pool  flame  modelling  the  bands 
of  W,0,  CO,  and  of  a  grey  body  emitter 
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Fig.  10:  Time  characteristics  of  parameters  of  an  iso-octane  pool  flame  measured  100  mm 
above  the  pool  surface 

Discussion 

The  radiation  from  the  investigated  pool  fires  is  dominated  by  the  emission  of  flame  balls 
which  are  formed  quasi-periodically  above  the  flame  base  and  ascend  with  acceleration. 
They  are  also  the  dominant  part  of  the  transient  flame  structure  which  emits  the  main  part 
of  energy.  Therefore  a  simplified  model  of  radiation  of  pool  fires  which  could  act  on 
flammable  surrounding  objects  can  be  reduced  to  the  consideration  of  the  radiation  from 
ascending  flame  balls.  The  flame  balls  are  approximated  by  spheres  of  diameters  dpe-  The 
flame  ball  is  formed  a  pool  diameter  above  the  pool  surface,  moves  upwards  accelerated  by 
buoyancy  forces  (see  curves  fig.  3)  and  burns  out  more  than  5  pool  diameters  above  the 
pool  surface.  The  radiation  incident  on  a  neighboured  object  is  described  by  eq.  5.  The 
viewing  factor  is  calculated  according  to  Seeger  [8]  It  reduces  to  an  emitting  disc  with  a 
diameter  df^  perpendicular  to  the  straight  line  connecting  flame  ball  and  the  centre  of  the 
object. 

The  radiation  flux  incident  on  a  target  area  at  a  distance  y^  depend  on  the  geometry  of  the 
flame  shape  according  to  the  flame  model  assumed.  The  total  energy  Qr  emitted  by  the 
surface  must  be  the  same  for  all  flame  models  compared.  In  the  case  of  a  grey  body 
radiator: 
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Qr  —  E  Asep  —  e  o  T  Ajep  Eq.  7 

If  constant  homogeneous  flame  temperatures  T  are  assumed  it  is  sufficient  to  adjust 
emissivity  e  and  surface  to  fulfil  s  Asep  =  const. 

Fig.  1 1  compares  the  radiation  incident  on  a  target  area  emitted  from  the  static  point 
source  model,  cylinder  model  of  Seeger  and  the  model  of  an  ascending  spherical  flame  ball. 
The  data  used  were  taken  from  the  results  of  a  iso-octane  pool  fire  of  a  pool  diameter  of 
113  mm. 

The  flame  ball  diameter  dpa  is  set  equal  to  the  pool  diameter  as  plausible  from  the  video 
frames  of  fig.  1 .  From  fig.  7  results  an  emissivity  s  =  0.1 .  The  temperature  was  assumed  to 
be  T  =  1 600  K  (see  fig.  7  and  1 0).  The  total  emitted  power  was  obtained  then  by 
Qr  =  0. 1  xax  1 600''  K''xnxO.  1 1 3^  m^  =  1 500  W  for  all  models.  The  viewing  factors  are 
derived  according  to  Seeger  [8]. 

Fig.  1 1  shows  the  irradiance  at  a  distance  y^  on  a  area  parallel  to  the  flame  axis  at  a  height 
x=0  (height  equal  to  the  pool  surface).  The  flame  ball  model  predicts  that  more  than  twice 
of  the  power  can  fali  onto  objects  when  compared  with  the  cylinder  model,  especially  in 
the  case  the  flame  ball  is  close  to  flame  base.  If  the  flame  ball  is  at  higher  positions  the 
difference  is  lower  and  the  cylinder  model  estimates  quite  well  the  irradiation  on  the 
average.  Depending  on  the  position  of  the  flame  ball  the  cylinder  model  predicts  to  low 
irradiation  onto  an  endangered  object. 

The  point  source  modei  overestimates  the  irradiation  to  objects  close  the  pool  fire.  For 
distance  higher  than  4  d  it  agrees  well  with  the  maximum  irradiation  by  the  flame  ball 
model.  It  is  useful  for  to  estimate  the  worst  case. 

If  safety  distances  have  to  be  estimated  it  should  be  carefully  proved  what  model  to  use.  In 
case  where  special  materials  cannot  be  exposed  to  radiation  exceeding  well  defined  limits 
the  static  models  of  surface  radiators  shouid  be  avoided. 
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Fig.  1 1:  Irradiation  onto  objects  at  distances  yj  by  the  dynamical  flame  ball  model  (left  side) 
and  the  static  point  source  and  cylincer  flame  model  (parameters  are  derived  from 
a  isooctane  pool  flame  of  a  diameter  1 13  mm) 
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ABSTRACT 

The  experimental  data  are  presented  relevant  to  normal  burning 
rate  (NBR)  of  PMMA  in  the  course  of  flame  spreading  over  the  sur¬ 
face  of  specimens  for  three  following  cases;  1)  horizontal  slabs 
burning  in  still  air;  2)  vertical  rods  burning  downward  in  still 
air;  3)  PMMA  slabs  contacting  with  KCIO4  slabs  and  burning  in  Ng 
at  p  <  3  MPa.  The  data  just  mentioned  are  compared  with  those  in 
the  available  literature  concerning  NBR  of  PMMA  spherical  partic¬ 
les  burning  in  still  air,  NBR  during  internal  burning  of  PMMA 
blocks  with  coaxial  canal  in  a  stream  of  gaseous  Og,  and  NBR  of 
PMMA  rods  burning  on  the  top  end  in  air  flow. 

Normal  burning  rate,  u  ,  i.e.  normal  regression  rate  of  polymer 
specimens  surface  is  an  important  characteristic  of  polymer  flammabi¬ 
lity.  Indeed,  the  higher  is  u,  the  greater  is  heat  evolution  rate, 
J/cm^s.  NBR  was  investigated  under  two  different  conditions;  1)  in  the 
course  of  flame  spreading  over  specimen  surface  (an  unsteady-state 
process  in  laboratory  system  of  coordinates)  2)  on  the  entirely  bur¬ 
ning  surface  (a  quasi -stationary  process). 

1.  NBR  in  the  Course  of  Flame  Spreading. 

We  have  measured  profiles  of  cavities  formed  in  PMMA  .'.'labs  (case 
1)  or  rods  (case  2)  burning  in  still  air  at  atmospheric  conditions  or 
PMMA  slabs  contacting  with  KCIO4  or  NH4CIO4  slabs  and  burning  in  Ng 
atmosphere  at  pressure  p  <  3  MPa  (case  3).  In  the  cases  1  and  2  the 
specimens  were  extinguished  with  a  jet  of  Ng  and  in  the  case  3  a  dep¬ 
ressurization  extinguishment  was  used.  The  profiles  of  cavities  were 
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measured  with  a  microscope.  The  micrometric  screws  shifted  the  extin¬ 
guished  specimens  along  three  rectangular  axes.  NBR  was  calculated  as 
u  =  w  sin  (p  where  w  is  flame  spread  velocity  over  polymer  surface  and 
cp  is  the  angle  between  the  tangent  to  cavity  profile  and  flame  spread 
direction.  In  the  cases  1  and  2  only  mean  value  of  NBR  was  measured: 
in  the  case  1  -  over  interval  x  =  0-3  mm  where  x  is  the  distance  from 
the  flame  tip  (x  axis  is  turned  along  'w  vector,  but  in  the  opposed  di¬ 
rection)  and  in  the  case  2  -  over  all  the  burning  surface  (nearly  co¬ 
nical).  In  the  case  3  a  step  of  measurement  of  NBR  was  equal  6y  =  0. 1 
mm  (where  y  axis  is  normal  to  x  axis  and  directed  inside  the  speci¬ 
men)  .  . 

1.1.  PMMA  slabs  burning  in  air. 

Experiments  were  conducted  with  flat  horizotal  specimens  on  vari¬ 
ous  underlays  (A1  alloy,  copper,  textolite)  at  near-critical  specimens 
thickness,  4:r.  (such  as  at  A  =  the  burning  was  stable,  but  at  A  < 
Acp  it  failed).  In  these  conditions  NBR  ranged  from  i.5  10'^  to  4.7 
10'^  mm/s.  NBR  decreased  with  underlay  thickness,  Au  ,  increasing  (for 
copper  underlay  -  from  3.8  10’^  mra/s  at  /Vj  =  0.3  mm  to  2.0  10'^  mm/s 
at  Au  =1.0  mm).  NBR  was  nearly  20  times  smaller  than  w  (  the  ratio 
u/w  ranged  from  1/16.8  to  1/20.7). 

.  1.2.  PMMA  rods  burning  in  air. 

The  downward  burning  of  vertical  cylindrical  rods  was  investiga¬ 
ted  at  various  rod  diameter,  d.  The  following  data  were  obtained: 


d,  mm 

.6.8 

11.7 

15.0 

20.4 

25.0 

35.2 

40.7 

w,  mm/s  0.082 

0.058 

0.046 

0.037 

0.040 

0.044 

0.042 

u,  mm/s  0. 020 

0.015 

0.011 

0. 0091 

0.0091 

0.0090 

0.  0086 

w/u 

1/4.1 

1/3.9 

1/4.2 

1/4. 1 

1/4.4 

1/4.9  ' 

1/4.9 

Thus,  NBR  diminishes  approximately  twice  with  d  increasing  from  6.8  to 
20.4  mm  but  then  becomes  nearly  independent  of  d.  As  for  the  ratio 
u/w,  it  decreases  slightly  with  d  increasing  (from  1/4.1  at  d  =  6.8 
to  1/4.9  at  d  =  35.2-40.7  mm). 
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1.3.  PMMA  slabs  contacting  with  KCIO4  slabs. 

In  this  case  the  dependence  of  u  on  cavity  depth,  y  ,  and  pressu¬ 
re,  p,  were  examined.  NBR  decreased  strongly  with  y  (and  thus  on  x) 
increasing.  For  example,  at  p  =  1  MPa  it  was  obtained; 


y.  mm 

0.2 

0.3 

0.4 

0.5 

0.9  1.0 

u,  mm/s 

0.60 

0.  50 

0.41 

0.  35 

0.  16  0. 15 

u/w 

1/2.9 

1/3.4 

1/4.2  1/4.9 

1/10.8  1/11.5 

is  a  principal 

feature 

of  diffusion 

flames;  indeed,  the  path 

of  diffusion  of  oxygen  (formed  in  the  course  of  KCIO4  =  KCl  +  2  Og 
reaction)  and  MMA  (monomer)  to  the  flame  through  a  layer  of  combustion 
products  augments  with  x  and  y.  This  results  in  decreasing  NBR.  Hence, 
the  ratio  u/w  also  decreases  with  y  increasing  (from  1/2.9  at  y  = 

=  0.2  mm  to  1/11.5  at  y  =  1  mm). 

The  dependence  u(p)  is  much  more  weak  than  w(p)  dependence.  For 
example,  an  increase  of  pressure  from  1.0  MPa  to  3.0  MPa  augments  w 
2.1  times  whereas  NBR  augments  only  1.35  times  at  y  =  0.2  mm  and  1.1 
times  at  y  =  0. 5  mm.  Moreover,  at  great  enough  y  NBR  is  pressure- inde¬ 
pendent.  As  a  consequence,  the  ratio  u/w  is  the  smaller,  the  greater 
is  y  (see  above)  and  pressure; 

p,  MPa  1.0  2.5  3.0 

u/w  (at  y=0.2)  1/2.9  1/4.1  1/4.4 

2.  NBR  on  the  Entirely  Burning  Surface. 

2.1.  Burning  of  spherical  particles  of  PMMA. 

The  well-known  equation  for  the  diffusion  burning  of  spherical 
drops  of  liquid  fuels;  d^  =  dp^  -  Kt  (where  dp  is  initicl  diameter  of 

a  drop,  K  is  a  constant  and  t  is  the  time)  may  be  used  also  for  sphe¬ 

rical  particles  of  solid  polymers.  It  follows  from  this  equation  that 
u  =  0. 5|6d/6t|  =  K/4d.  So,  NBR  for  spherical  particles  is  proportional 
to  K  and  inversely  proportional  to  d.  Unfortunately,  the  experimental 


160  -  4 


data  for  PMMA  obtained  in  Ref. 1  (K  =  6. 9  10"^  cm^/s  at  do  =  2  mm)  dif¬ 
fer  drastically  from  those  of  Ref. 2  (K  =  28  10"^  at  do  =  1-2  ram). 

2.2.  Burning  of  a  canal  in  PMMA  blocks  in  Og  flow. 

The  internal  burning  of  PMMA  specimens  with  a  cylindrical  opening 
was  investigated  in  Refs. 3, 4.  Specimens  studied  in  Ref. 3  consisted  of 
12  blocks  (each  50.8  mm  long)  pressed  together.  A  flow  of  gaseous  Og 
was  delivered  in  the  concentric  opening  (dp^  25.4  mm).  The  mean  value 
u  was  measured  on  the  basis  of  mass-loss  of  each  block  during  the  ti¬ 
me,  t  ,  of  a  run.  The  value  of  NBR  decreased  significantly  with  t  iiiC- 
reasing  (1),  but  augmented  lengthwise  (2).  So,  at  Og  flux  equal  22g/s 
the  following  values  u  were  obtained  for  the  first  (Ui)  and  the  ele¬ 
venth  (uii)  blocks; 

t,  s  10  30  60  120  150 
Ui,mm/s  0.13  0.084  0.066  0.053  0.050 
Uii,mm/s  0. 22  0.11  0.078  0.055  0.050 

The  effect  (1)  may  be  connected  with  an  increase  of  opening  dia¬ 
meter  and  hence  a  decrease  Og  flux  density,  g/cm^s.  The  effect  (2)  may 
be  due  to  an  increase  of  gas  temperature.  However,  the  effect  (2)  was 
very  considerable  at  small  t  and  practically  disappeared  at  great  t. 

Cylindrical  specimens  of  PMMA  (8  mm  i.d.,  30  mm  o.d. ,  and  70  mm 
long)  were  investigated  in  Ref . 4  at  oxygen  flux  density  pv  =  11-40 
g/cra^s  (at  t  »  0).  The  following  expression  was  used  for  NBR:  u  = 
A(pv)"'p’^d".  In  the  range  p  =  0.5-5  MPa  and  pv  -  11-30  g/cm^s  the  expo¬ 
nents  m  and  v  were  equal  0.40-0.42  and  0.10,  respectively.  The  follo¬ 
wing  values  NBR  were  obtained  at  pv  equal  il  and  30  g/cm^s  (denote  its 
here  as  u^  and  U30  : 


p,  MPa 

1.0 

2.0 

3.0 

4.0 

5.0 

Uj  j ,  mm/ s 

0.36 

0.38 

0.  40 

0.41 

0.  42 

U30,  mm/s 

0.54 

0.  58 

0.  60 

0.62 

0.63 
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2.3.  Polymeric  rods  burning  on  the  top  end. 

The  burning  of  flat  top  of  vertical  rods  (12.7  ram  dia)  of  several 
polymers  was  studied  in  Ref. 5.  Air  (at  normal  conditions)  flowed  out  a 
nozzle  normal  to  specimen  surface  at  volume  flux  density  100  cra^/cra^s. 
The  following  values  of  NBR  were  obtained; 

Polymer  PMMA^  PMMA^  PP  PE'"^  PE'^ 

u.  mm/s  0.036  0.028  0.022  0.018  0.016 


Notes:  1;2  -  nozzle  type  A  and  B,  respectively 

3:4  -  PE  of  low  and  high  density,  respectively 

3.  CONCLUSIONS. 

The  data,  considered  above  show  that  the  difference  between  the 
values  u  measured  at  various  conditions  m-ay  be  as  much  as  two  order  of 
magnitude  and  even  more; 

Specimens  configuration  and  Measured  values 

burning  conditions  u  10^,ram/s 


0. 15-0.47 

0.86-2.0 

) 

15-81 
4.4-63 
2.  8-3.  6 

NBR  depends  strongly  on  the  specimen  dimensions  (thickness  or  di¬ 
ameter),  oxygen  content  in  the  ambient  atmosphere,  velocity  of  gas 
stream  over  burning  surface.  Such  dependences  are  typical  for  diffusion 


1.1.  Burning  of  horizontal  sheets  of  PMMA 
on  various  underlays  in  still  air 

1.2.  Downward  burning  of  vertical  rods  of 
PMMA  in  still  air 

1.3.  PMMA  slabs  contacting  with  KCIO4  slabs 
and  burning  in  N2  at  p  =  1-3  MPa 

2.2.  Internal  burning  of  PMMA  specimens  in 
gaseous  oxygen  flux 

2.3.  Polymeric  rods  burning  on  the  top  end 
in  air  flux 
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burning  of  solid  fuels. 

The  maximum  NBR  values  were  obtained  for  internal  burning  in  oxy¬ 
gen  flux  of  specimens  with  opening  as  well  as  for  PMMA  slabs  burning 
in  contact  with  KCIO4  slabs.  The  minimum  NBR  was  observed  for  thin 
enough  flat  specimens  on  thick  metal  underlays. 
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Abstract 

The  combustion  behaviour  of  solid  fuel  slabs  in  a  planar  step  combustor  has  been 
investigated  with  a  Colour-Schlieren  technique  under  ramjet  relevant  conditions  concerning 
the  air  inlet  temperature.  Large  windows  on  both  sides  give  access  to  the  combustion 
processes  above  the  surface  of  the  slabs.  Large  scale  vortical  structures  are  conspicuous  in 
the  outer  zone  above  the  diffusion  flame  in  the  developing  boundary  layer  behind  the 
recirculation  zone.  The  superimposed  thermal  emission  from  the  flame  region  on  the  Colour- 
Schlieren  pictures  gives  additional  information  of  the  location  of  the  flame  front. 


1.  Zusammenfassung 

Fiir  die  Untersuchung  des  Verbrennungsverhaltens  von  Festbrennstoffplatten  unter  stau- 
antriebsrelevanten  Randbedingungen  bezuglich  der  LufteinlaBtemperatur  wurde  eine 
Farbschlierenapparatur  aufgebaut.  Diese  wurde  an  einer  ebenen  Stufenbrennkammer 
eingesetzt,  die  es  erlaubt  durch  groBe  seitliche  Fenster  den  Verbrennungsvorgang  unmittel- 
bar  iiber  der  abbrennenden  Festbrennstoffplatte  zu  beobachten.  Die  bei  den  Versuchen 
erhaltenen  Aufnahmen  zeigen  groBskalige  Wirbelstrukturen  im  auBeren  Bereich  oberhalb 
der  Diffusionsflamme  in  der  sich  hinter  der  Rezirkulationszone  bildenden  Grenzschicht.  Die 
auf  den  Farbschlierenaufnahmen  sichtbare  Oberlagerung  des  thermischen  Leuchtens  der 
Diffusionsflamme  zeigt  deren  Position  als  zusatzliche  Information. 
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2.  Einleitung 

Luftatmende  Antriebe,  die  mit  Festbrennstoffen  arbeiten,  wie  zum  Beispiel  Feststauantriebe 
(SFRJ)  und  Ducted  Rockets,  sind  fur  volumenlimitierte  Systeme  von  groBem  Interesse. 
Hierbei  versprechen  vor  alien  Dingen  Metallpartikeizusatze  wie  Bor  Oder  Aluminium  wegen 
ihres  hohen  volumetrischen  Heizwertes  im  Vergleich  zu  den  kohlenwasserstoffhaltigen 
Bindern  (wie  beispielsweise  HTPB)  Vorteile.  Leider  stehen  diesen  theoretischen  Vorzugen 
praktische  Probleme  bei  der  Umsetzung  dieser  Partikel  in  einem  Triebwerk  entgegen,  was 
sich  z.B.  in  einem  schlechten  Verbrennungswirkungsgrad,  Schlackenablagerungen  und 
somit  letztendlich  in  schlechten  Flugleistungen  auBern  kann.  Hierbei  waren  als  Ursache  z.B. 
Oxidkappenbildung  bei  Aluminiumpartikein  Oder  die  Bildung  eines  flussigen  Boroxidfilmes 
auf  den  Borpartikein  unmittelbar  nach  der  Entztindung  zu  nennen  [1  -  5].  Die  diesen  Vor- 
gangen  zugrunde  liegenden  Prozesse,  sowie  die  in  der  Brennkammer  ablaufenden  mehr- 
phasigen  Verbrennungsvorgange  sind  bis  heute  noch  nicht  vollstandig  verstanden.  Deswei- 
teren  sind  diese  Vorgange  in  einer  Staubrennkammer  meBtechnisch  schwierig  zu  erfassen. 
Fur  die  hier  vorgestellte  Untersuchung  wurde  eine  Stufenbrennkammer  ausgewahit,  die  es 
ermoglicht  uber  groBe  seitliche  Fenster  den  VerbrennungsprozeB  unmittelbar  uber  der 
Festbrennstoffplatte  zu  beobachten.  Hierfur  wurde  eine  Farbschlierenapparatur  aufgebaut, 
die  es  ermbglichen  soil,  Strukturen  des  Verbrennungsvorganges  sichtbar  zu  machen. 


3.  Versuchsanlage 

Abbildung  1  zeigt  die  Skizze  der  Versuchsanlage  mit  der  ebenen  Stufenbrennkammer,  die 
einen  rechteckigen  Querschnitt  von  150  mm  Breite  und  45  mm  Hohe  besitzt.  Unmittelbar 
hinter  der  Stufe  von  20  mm  Hohe  werden  die  Festbrennstoffplatten  von  200  mm  Lange  und 
100  mm  Breite  biindig  zur  Oberflache  in  den  Brennkammerboden  eingelassen.  Der  mittels 
eines  H2/02-Brenners  erhitzte  Luftstrom  wird  uber  zwei  Stromungsgleichrichter  und  Siebe 
der  Brennkammer  zugefuhrt.  Hierbei  wird  uber  den  Brenner  soviel  Sauerstoff  zusatzlich 
zugeftihrt,  daB  der  Sauerstoffgehalt  der  heiBen  Gasstromung  dem  von  normaler  Luft 
entspricht.  Eine  genauere  Beschreibung  der  Versuchsanlage  ist  in  [6,7]  gegeben. 

Fur  die  hier  prasentierte  Untersuchung  wurden  Quarzscheiben  als  Fenster  eingesetzt,  die  es 
erlauben,  einen  Bereich  mit  der  Brennkammerhohe  von  45  mm  uber  fast  der  gesamten 
Brennstoffplattenlange  von  200  mm  und  zusatzlich  ca.  20  mm  vor  dem  Rucksprung  der 
Stufe  einzusehen,  wie  dies  in  Abb.  1  skizziert  ist.  Als  Festbrennstoff  wurden  Flatten  aus  91 ,6 
Gew.-%  HTPB  und  8,4  Gew.-%  IPDI  eingesetzt.  Der  fur  die  Versuche  eingestellte  Luft- 
massenstrom  betrug  0,15  kg/sec  und  die  zugehorige  Temperatur  800  K.  Dies  entspricht 
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einer  Reynolds-Zahl  von  2,3-10'',  die  mit  der  Stufenhohe  gebildet  wurde.  Der  Druck  innerhalb 
der  Brennkammer  betrug  1  bar. 

Zu  Versuchsbeginn  wurde  der  Lufterhitzer  gezundet  und  die  Aniage  zwei  Minuten  iang  mit 
der  heiBen  Luft  durchstromt  urn  die  Aniage  selbst  und  die  Festbrennstoffpiatte  aufzuheizen. 
Hiernach  wurde  die  Brennstoffpiatte  durch  einen  weiteren  Ha/Oa-Brenner,  der  unterhalb  der 
Stufe  montiert  ist,  gezundet. 


4.  Farbschlierenapparatur 
4.1  Grundlagen 

Schiierenverfahren  linden  in  der  Stromungstechnik  seit  iangem  vielfache  Anwendung  urn 
Zustandsanderungen  in  transparenten  Median  darzustellen.  Sie  beruhen  darauf,  daB  Licht- 
strahlen,  die  ein  Gebiet  mit  einem  senkrecht  zu  ihrer  Ausbreitungsrichtung  veriaufenden 
Brechungsindexgradienten  passieren,  abgelenkt  werden  [8,9].  Bei  homogenen  Gasge- 
mischen  ist  der  Brechungsindex  n  mit  der  Dichte  p  gemaB  Gleichung  (1)  gekoppelt,  wobei  K 
die  stoffspezifische  weilenlangenabhangige  Gladstone-Dale-Konstante  ist. 


n-1  =  K(X)p 


(1) 


Somit  kann  im  Ideaifall  bei  einem  ebenen  StrSmungsprobiem  fur  jeden  Ort  Xo,yo  ein 
Zusammenhang  zwischen  dem  Dichtegradienten  z.B.  in  x-Richtung  und  dem  Ablenkwinkei  e 
in  gieicher  x-Richtung  des  Lichtstrahies  geschaffen  werden,  wie  dies  bei  Born  und  Woif  [9] 
dargestellt  ist. 


1  +  K(X)p^ 
^  L.K(X)  " 


(2) 


Dies  fuhrt  bei  Schwarz/WeiB-Schlierenverfahren  (SA/V),  bei  denen  weiBes  Lioht  benutzt  wird, 
auf  dem  Schlierenbild  zu  lokalen  Aufheilungen  oder  Abdunkeiungen,  durch  die  die  Zustands¬ 
anderungen  sichtbar  gemacht  werden  kbnnen.  Liegt  nun  ein  mehrphasiges  Problem  vor,  bei 
dem  z.B.  Partikel  einer  Gasstromung  zugegeben  sind,  so  tritt  hier  zusatzlich  zum  Schlieren- 
effekt  der  Gasphase  eine  Transmissionsminderung  des  durchstrahienden  Lichtes  durch  die 
Partikelphase  infolge  Streuung  und  z.T.  auch  Absorption  auf.  Dies  erschwert  die  Interpre¬ 
tation  der  ablaufenden  Vorgange  wesentlich. 

Ein  Farbschlierenverfahren  hingegen,  welches  z.B.  auf  der  von  Cords  [10]  entwickelten 
Dissection-Technik  beruht,  weist  verschiedenen  Ablenkungswinkein  verschiedene  Farben 
zu,  wobei  die  Partikeiphase  lediglich  die  Intensitaten  der  einzelnen  Farben  abschwacht. 
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Somit  konnen  in  erster  Naherung  die  darzusteilenden  Brechungsindexgradienten  in  der  Gas- 
phase  getrennt  betrachtet  werden.  Abbildung  2  zeigt  links  ein  S/W-Schlierenbild  und  rechts 
ein  Farbschlierenbild  eines  partikelbeladenen  Gasstrahles.  Auf  beiden  Bildern  sind  ahniiche 
Strukturen  zu  erkennen.  Das  Farbschlierenbild  zeigt  vollstandig  grune  Farbe,  die  hier  fiir 
keine  oder  auBerst  geringe  Ablenkungen  steht,  wobei  die  Strukturen  als  „Schatten“  sichtbar 
werden.  Dies  weist  daraufhin,  da(3  die  Strukturen  auf  dem  SA/V-Schlierenbild  hauptsachlich 
durch  die  Absoption  der  Partikelphase  hervorgerufen  werden. 

In  einer  Brennkammer  treten  nun  zu  den  Stromungsprozessen  zusatzlich  Verbrennungs- 
vorgange  hinzu,  sodaB  Gleichung  (2)  nicht  mehr  benutzt  werden  kann,  da  sich  sowohl 
Dichte  als  auch  Temperaturen  und  Konzentrationen  lokal  andern.  Infolgedessen  gibt  ein 
Schlierenbild  hier  lediglich  einen  qualitativen  Eindruck  der  ablaufenden  Vorgange. 
Farbschlierenverfahren  sind  in  der  Vergangenheit  in  verschiedeneh  Varianten  entwickelt 
worden.  Der  Artikel  von  Settles  [11]  gibt  einen  Oberblick  tiber  die  Arbeiten  bis  etwa  zum 
Jahre  1980.  Auch  wurden  verschiedentlich  Schlierenverfahren  zur  Darstellung  der 
Verbrennungsvorgange  im  Bereich  Festbrennstoffe  eingesetzt.  So  benutzten  Netzer  und 
Mitarbeiter  [12]  erfolgreich  eine  Farbschlierenapparatur  zur  Untersuchung  des  Abbrandes 
von  Ammoniumperchlorat.  Bei  Prozessen,  die  ein  starkes  Eigenleuchten  erzeugen,  ergaben 
sich  allerdings  Problems. 

4.2  Aufbau 

Das  hier  vorgestellte  Verfahren  beruht  auf  der  von  Cords  entwickelten  Dissection-Technik, 
bei  der  die  ubiicherweise  benutzte  Lichtquelle  durch  ein  Areal  von  Farbfeldern  (Farbmaske) 
ersetzt  wird  und  einer  Spaltblende  im  Brennpunkt  des  zweiten  Hohlspiegels,  wie  dies  in  Abb. 
3  dargestellt  ist.  Die  Farbflachen  der  Farbmaske  wurden  nun  so  gewahit,  daB  auf  den 
Schlierenaufnahmen  die  Farbe  grun  den  Bereich  urn  den  Nullwert  des  Ablenkwinkels  bzw. 
Brechungsindexgradienten  wiedergibt.  Die  Abfolge  der  Farben  wurde  der  Abfolge  des 
Regenbogens  entlehnt,  um  eindeutige  Farbzuweisungen  zu  erhalten.  Dies  zeigt  Abb.  4,  bei 
dem  eine  langbrennweitige  Linse  als  Kalibrierobjekt  benutzt  wurde.  Desweiteren  wurden 
Blitzlampe,  Farbflachen  und  Farbfilm  so  aufeinander  abgestimmt,  daB  sich  gute  Farbwieder- 
gaben  auf  den  Bildern  ergaben.  Diese  hier  vorgestellte  Anordnung  wurde  in  einer  Variante 
bereits  1985  fur  den  Einsatz  an  einem  StoBwellenrohr  entwickelt  und  eingesetzt  [13]. 

Fur  die  Untersuchungen  an  der  Stufenbrennkammer  wurde  ein  modifiziertes  Blitzgerat  von 
Drello  mit  einer  Haibwertszeit  von  etwa  13psec  benutzt.  Im  Strahlengang  zur  Kamera  wurde 
zusatzlich  ein  schneller  ansteuerbarer  VerschluB  positioniert  um  den  Anteil  der  Lichtemission 
des  Verbrennungsvorganges  auf  den  Farbschlierenaufnahmen  zu  reduzieren.  Der  Aufbau 
der  Schlierenapparatur  wurde  als  Topler'sche  Z-Anordnung  ausgefiihrt,  wobei  aus 
Platzgrunden  zwei  zusatzliche  Planspiegel  benutzt  wurden. 
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5.  Ergebnisse  und  Diskussion 

Abbildung  5  zeigt  im  oberen  Bild  eine  Schlierenaufnahme  mit  dem  Dichtegradienten  in  y- 
Richtung  des  Verbrennungsprozesses  einer  HTPB-Platte  in  der  Stufenbrennkammer.  In  der 
zugehorigen  unteren  Skizze  sind  die  charakteristischen  Merkmale  dieses  Stromungs-  und 
Verbrennungsvorganges  dargestellt.  Diese  Darstellung  ist  an  die  Einteilung  von  Natan  und 
Gany  [14]  fiir  den  GrenzschichtverbrennungsprozeB  in  einer  Feststaubrennkammer 
angelehnt.  GroBskalige  wirbelformige  Strukturen  sind  in  der  auBeren  Zone  oberhalb  der 
Diffusionsfiamme  in  der  sich  hinter  der  Rezirkulationszone  entwickeinden  Grenzschicht 
sichtbar.  In  diesem  Bereich  wird  kalteres  Gas  aus  der  AuBenstromungszone  durch  die 
Wirbel  in  tiefere  Bereiche  geftihrl  und  mit  den  heiBen  Verbrennungsgasen  gemischt.  Die 
Existenz  dieser  kalteren  Gasbereiche  in  der  Mischungszone  konnte  auch  in  einer  fruheren 
Untersuchung,  bei  der  Temperaturmessungen  mittels  CARS  durchgefuhrt  wurden,  durch 
eine  bimodale  Temperaturverteilung  mit  zwei  ausgepragten  Maxima  gezeigt  warden  [15]. 

Im  unteren  Bereich  des  Bildes  erkennt  man  ein  gelblich  leuchtendes  Band,  das  der  Farb- 
schlierenaufnahme  uberlagert  ist.  Der  Ursprung  kann  dem  thermischen  Leuchten  des  RuBes 
zugeschrieben  werden  und  ist  nach  Gany  dem  Ort  der  Kohlenwasserstoff-Diffusionsflamme 
zuzuordnen.  Am  Ende  der  Rezirkulationszone  ist  der  Abstand  der  HC-Diffusionsflamme  zum 
Brennkammerboden  geringer  als  in  den  anderen  Bereichen.  FrQhere  Geschwindigkeits- 
messungen  mittels  LDA  [16]  zeigen  hier  eine  nach  unten  gerichtete  Stromung  mit  einer 
Verzogerung  auf  den  freien  Sattelpunkt  hin.  In  dieser  verzogerten  Stromung  kann  die 
Flamme  fixiert  werden. 

Desweiteren  erscheinen  auf  der  Farbschlierenaufnahme  groBe  Bereiche  der  Rezirkuiations- 
zone  Schwarz.  Hier  wurde  nach  Versuchsende  eine  starke  Schwarzung  der  Fenster  durch 
RuB  festgestelit,  der  hier  fiir  eine  starke  Lichtabsorption  verantwortiich  erscheint.  Somit  kann 
in  diesem  Bereich  keine  Aussage  iiber  die  dort  ablaufenden  Vorgange  gemacht  werden. 


6.  Nomenklatur 

K  Giadstone-Dale-Konstante 

L  optische  Weglange 

X  Koordinate  parallel  zur  Brennkammerbodenflache 

x’  freie  Koordinate 

y  Koordinate  senkrecht  zur  Brennkammerbodenflache 

£  Ablenkwinkel 

X  Wellenlange 

p  Dichte 
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Abb.  1 :  Skizze  Versuchsanlage  mil  ebener  Stufenbrennkammer 
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Abb.  3:  Farbschlierenaufbau  auf  dem  PrOfstand 


Abb.  4:  Farbschlierenbild  einer  langbrennweitigen  Linse 


Abb.  5:  oben;  Farbschlierenaufnahme  vom  Abbrand  von  HTPB  ohne 
Partikeizusatz 

unten;  Prinzipskizze  der  ablaufenden  Stromungs-  und  Verbrennungs 
vorgange 
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OBTAINING  SUBMICRON  ABRASIVE  POWDERS  BY  PNEUMATIC 
PROCESSING  OF  ELECTRIC  CORUNDUM  AND  PRODUCTS  OF 
SOLID  ROCKET  PROPELLANTS  COMBUSTION. 

Yuri  Biryukov,  Alexander  Vorozhtsov,  Leonid  Bogdanov 
Tomsk  State  University,  36,  Lenin  630050  Tomsk,  Russia 

Abstract:  This  report  gives  brief  review  of  our  research  into  production  of  superfine  pow¬ 
ders  of  organic  and  non  organic  materials,  presents  parameters  of  experimental  series  of 
powders  based  on  aluminium  oxide  and  products  of  combustion  of  solid  propellants. 

In  many  processes,  such  as  pharmacological  preparation  production,  the  precise  proc¬ 
essing  of  surfaces,  obtaining  of  superconductors  or  components  of  functional  ceramics,  pro¬ 
duction  of  superfine  particles  of  metals  and  pharmacological  preparations  etc.,  the  specific  re¬ 
quirements  to  powder  technology  are  placed:  the  maintenance  of  size  uniformity  of  submicron 
particles  and  their  mixes,  shape  and  strict  granulometric  composition,  moisture  content. 

In  connection  with  topicality  of  the  problem,  in  many  countries  intensive  researches  are 
performed  and  the  various  ways  of  the  problem  solution  was  created.  The  essential  results  in 
this  area  are  achieved  by  firms  of  Japan,  Germany  and  USA.  Parameters  of  their  abrasive  pow¬ 
ders,  offered  for  approving  on  largest  in  Russia  enterprise  on  production  of  ball  -  bearings 
(Vologda)  are  presented  at  table  1 .  In  the  last  few  years  in  the  Tomsk  State  University  empha¬ 
sis  is  made  also  on  the  production  of  fine  and  submicron  powders  from  inorganic  and  organic 
materials.  The  parameters  of  some  trial  series  of  powders  based  on  electric  corundum,  pro¬ 
duced  by  TSU  are  also  shown  in  table  1,  figure  1. 

Considering  that  reduction  of  strategic  armament  as  well  as  completion  of  their  guar¬ 
antee  periods  and  removal  fi'om  service  of  some  arm  types  put  a  pressing  problem  of  elabora¬ 
tion  of  economically  acceptable  technologies  of  their  liquidation  not  only  without  any  damage 
to  environment,  but  with  economic  advantage,  product  of  solid  rocket  propellant  combustion 
(AI2O3)  of  abrasive  submicron  powders.  In  TSU  a  method  of  charges  recovery  by  their  com¬ 
bustion  in  chemically  active  environment,  namely  in  a  saturated  water  solution  of  ammonium 
perchlorate  is  elaborated.  Using  water  solution  of  aluminium  perchlorate  as  liquid  in  the  pool 
for  combustion  allows  to  increase  the  completeness  of  combustion  and  AI2O3  powder  output  in 
comparison  with  known  procedures. 
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The  result  of  researches  and  industrial  realisation  of  technology  built  upon  controlled 
circulating  movement  of  the  flow  "gas-solid  particles"  in  closed  volumes  with  help  of  gas  jets 
displayed  possibility  of  execution  of  the  following  operations: 

•  grinding  is  brought  about  by  interaction  of  dense  circulating  layer  of  material  with  un¬ 
derexpanded  gas  jets; 

•  the  classification  of  particles  to  fractions  is  provided  by  built-in  separative  elements  of 
centrifugal  type  of  various  design  with  circulation  of  two-phase  environment  in  their 
contours,  that  permits  to  receive  narrow  fractions; 

•  high-efficient  mixing  of  components  of  varying  granulometric  composition  and  phase 
condition  of  components  is  performed  on  macrolevel  (beds,  aggregates  of  particles)  by 
optimization  of  function  of  distribution  of  the  particles  throughout  their  residence  time  in 
circulating  contour  (the  separative  elements  pass  only  gas),  and  on  microlevel  by  disper¬ 
sion  of  components  in  gas  jets; 

•  convection  drying  is  achieved  in  jets  and  flow  of  heat-transfer  agent; 

•  granulation  with  at  injection  of  dispersed  liquid  binder  in  circulating  bed  of  material; 

•  the  enrichment  and  separation  of  impurities  is  carried  out  by  selective  grinding  and 
separation  of  materials  on  density; 

•  the  fine  clearing  of  gas  in  bag  filters  and  in  cyclones  of  special  design. 

We  shall  touch  briefly  on  the  description  of  technological  processes,  results  of  experi¬ 
ments  and  industrial  realisation. 

1 .  Intensity  of  grinding  in  complex  pneumatic  units  (hereinafter  “Combi”,  figure  6),  in 
the  first  place  is  determined  by  working  pressure,  parameters  of  speedup  chamber  and  nozzles, 
intensity  of  circulating  motion,  physical  and  mechanical  properties  of  initial  powders  and  size 
of  particles  of  product.  Our  study  shown  that  the  process  of  particles  self-abrasion  is  deter¬ 
mining  whereas  the  nozzles  profiling  and  installation  of  obstacles  did  not  influence  noticeably 
on  the  process.  The  high  purity  of  end  product  at  grinding  of  hard  and  superhard  materials 
(carbides,  nitrides,  oxides  of  some  metals)  is  also  explained  by  domination  of  particles  interac¬ 
tion  (self-abrasion),  instead  of  interaction  of  particles  with  working  surfaces.  On  dispersion  of 
beryllium  oxide  the  pollution  with  impurities  was  measured.  The  initial  powder  had  specific 
surface  7200  cm^/g  and  the  end  product  12300  cmVg,  (table  2). 

The  experiments  at  pressure  of  more  than  10  kg/cm^  (up  to  100  kg/cm^)  have  not  given 
any  qualitative  change  of  characteristics  and  increases  of  processes  efficiency,  but  further  in¬ 
vestigations  along  this  line  are  conducted.  Specific  expenditure  of  energy  at  production  of 
submicron  powder  of  electric  corundum  with  initial  fiso^SO  mkm  and  with  use  of  complex 
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technology  is  3-5  kWt  hour/kg.  The  capacity  of  the  unit  then  is  15  kg/hour,  working  pressure 
is  7-8  kg/sm^.  The  potential  opportunities  of  improvement  of  the  powder  technology  processes 
of  submicron  and  ultradispersive  powders  such  as  aluminium  oxide  and  other  ceramic  powders 
exist.  It  requires  more  in-depth  study  of  gasdynamics  of  flows  “gas  -  solid  particles'*  in  unit 
“Combi”. 

The  production  of  such  of  such  strictly  normalized  submicrori  powders  fi-om  AI2O3 
with  a  required  crystal  structure  resolve  the  ecological  problem  in  technology  of  precise  proc¬ 
essing  of  details  in  ball-bearing  industry,  electronics,  optics  and  fine  mechanics,  as  at  present 
pastes  on  basis  rather  toxic  chrome  oxide  are  mostly  used. 

The  production  of  strictly  normalized  submicron  of  powders  from  AI2O3  with  a  re¬ 
quired  crystal  structure,  including  that  from  products,  receiving  at  liquidation  of  solid  propel¬ 
lant,  solves  the  ecological  problem  in  technology  of  precise  processing  of  details  in  ball-bearing 
industry,  electronics,  optics  and  fine  mechanics,  as  at  present  pastes  on  basis  ratber  toxic 
chrome  oxide  are  mostly  used. 

The  combining  of  pneumatic  grinding  AI2O3  with  fractionation  in  multicontour  separa¬ 
tive  units  provided  the  production  of  abrasive  powders  with  comparatively  high  characteristics 
(table  1),  that  has  enabled  to  raise  as  the  class  of  accuracy  at  manufacturing  of  ball-bearings  as 
productivity,  also  to  remove  the  problems,  connected  with  liquidation  of  toxic  wastes  and 
harmful  eflects  of  production. 
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Figure  1  The  mass  distribution  of  polishing  powders  of  electric  comndum  AI2O3 
(granulometric  composition  is  determined  by  optic  microscope). 

The  pneumatic  technology  of  separation  of  large  inclusions  in  ultradispersive  powders 

of  copper,  obtained  by  method  of  electrical  discharge,  has  allowed  to  produce  high-efiBcient  oil 

and  grease  additives. 
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The  similar  characteristics  are  obtained  also  at  combining  of  processes  grinding  and 
fractionation  of  wide  class  of  materials  (organic:  polyethylene,  polyvinylchloride,  nozepami, 
cinnarizin,  sorbite,  vitamin  concentrates,  vitamin  meal;  inorganic:  the  aluminium,  niobium,  bo¬ 
ron,  tantalum,  Ni-Cr  alloy,  talc,  chalk,  ammonium  perchlorate). 

2.  Intensity  of  blend  process  in  unit  “Combi”  is  determined  by  character  of  convective 
transfer,  namely  by  function  of  distribution  of  particles  residence  time  in  the  bulk  bed  over  a 
cycle  -  /(tmai/tmin),  and  quality  of  mixing  on  microlevel  by  effect  underexpanded  gas  jet  on  in¬ 
coming  in  it  aggregates  of  particles.  On  figure  2  the  variation  of  the  key  component  concentra¬ 
tion  (C)  with  number  of  displasements  to  blend  (N),  needed  to  achieve  the  given  heterogeneity 
coefficient  (Vc=5%)  are  shown. 

On  figure  3  the  results  of  mathematical  modeling  and  experimental  relationship  between 
N  and  tmai/tmin  -  tatio  of  maximal  particles’  residence  time  to  minimal,  where 


V  = 


100 

c 


I  1  " 

cy  %  are  presented.  Referring  to  figure  3,  the  maximal  efficiency  of 

«-l  i=i 


process  is  reached  at  tmai/tmin  =2,2-2,4.  During  experiments  the  particles  velocity  and  trajecto¬ 
ries  distribution  were  registered  with  help  of  variable-induction  and  capacitive  pickups 
(through  injection  of  bench  mark  particles). 


C,% 


Figure  2  Variation  of  the  control  component  concentration  with  number  of  displacement 

to  blend  (C1:  —  =2.4;  C2;  —=1.7). 
t  ■  t  ■ 
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Residence  time  ratio  Tmax  /  Tmin 


Figure  3  Results  of  experiments  and  mathematical  modeling  of  residence  time  distribu¬ 
tion  at  biending 

On  base  of  combined  processes  of  blending  and  dispersion  the  technology  for  obtaining 
high-homogeneous  compositions  with  small  additives  was  developed.  An  example  is  produc¬ 
tion  of  medicinal  composition  on  base  Na  benzoat  and  salbutamol  at  ratio  98:2  with  dispersive 
composition  85%  to  5  mkm  and  heterogeneity  coefficient  Vc<3%.  figure  4  gives  the  results  of 
tests.  The  work  with  pectin  lend  support  to  validity  of  proposed  technology. 


Figure  4  Results  of  combined  blending  and  dispersion  of  saibutamoi  and  Na  benzoate 
components.  The  resuiting  coefficient  of  heterogeneity  is  V<;  =2,7% 

One  of  essential  moment  in  production  of  finely  dispersed  powder  materials  on  pneu¬ 
matic  circulation  apparatuses  is  neutralization  of  influence  of  adhesive  and  cohesive  properties 
of  loose  material,  which  hinder  the  motion  of  bulk  bed  over  the  internal  surfaces  of  apparatus, 
cause  bridging  and  give  no  way  to  control  the  circulating  motion.  Therefore  the  given  problem 
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is  worked  for  each  specific  material.  The  obtained  results  have  allowed  to  develop  the  com¬ 
mercial  plants  for  processing  of  moist  materials  (moisture  content  up  to  25%), 

3.  The  soft  drying  equipment  and  process  for  moist  thermodestruction-prone  materials 
are  developed.  The  cooling  of  gas  at  its  expansion  and  intensive  flow  around  particles  prevents 
thermodestruction.  This  permits  to  grind  some  high-molecular  compounds  and  organic  medici¬ 
nal:  polyethylene,  polyvinylchloride,  vitan,  nozepami,  pentocsifilin,  pectin  Acorns  calamus, 
Thermopsis  lanceolata,  etc. 

4.  Efforts  are  underway  to  solve  the  problem  of  granulation  in  unified  production  line. 
The  complexity  of  the  problem  consists  in  necessity  of  unition  in  one  working  volume  almost 
all  processes  of  powder  technology:  dispersion,  fractionating,  mixing  of  particles  with  liquids 
and  simultaneous  drying. 

5.  Analysis  of  the  current  tendencies  of  development  of  ores  dress  technology  shows, 
that  on  its  final  stage  the  use  of  pneumatic  methods  is  perspective.  They  permit  to  combine  the 
process  of  selective  grinding  of  raw  material  up  to  fine  fractions  level  and  their  separation.  It 
simplifies  the  operation  and  completely  excludes  losses  of  fine  and  submicron  product  as  slurry 
with  pulp,  which  accompany  to  hydroseparation. 

For  example,  at  dressing  and  separation  of  iron  ore  concentrate  on  various  regimes  of 
dispersion  and  separation  were  allocated  following  fine  fractions  of  pigment:  JVsl  -  0^95<2 
mkm,  JV22  -  2<S9sS4  mkm,  KaS  -  4<89s<7  mkm,  and  80%  concentrate  of  Fe  (powder).  The  re¬ 
searches  on  dressing  of  loparite  ore,  containing  niobium,  tantalum  etc.  are  carried  out  at  pres¬ 
ent. 

Now  we  have  also  other  realizations  of  pneumatic  powder  technology: 

•  the  production  of  high-melting  compounds  powders  on  levels  1  mkm  for  functional 
ceramics;  from  compound  of  zirconium  oxide  (figure  5)  and  aluminium  oxide  fractions 
with  size  up  to  0,3  mkm  were  received; 

•  production  of  powders  for  production  of  accumulators; 

•  the  production  of  polyethylene  powders  with  strictly  preset  granulometric  composi¬ 
tion  for  production  of  filters  and  membranes; 

•  the  production  of  narrow  fractions  from  talk  and  chalk  for  splendid  cosmetic  powders 
and  rouge. 

The  experimental  researches  were  conducted  on  specially  designed  laboratory  stands  and 
model  units.  The  analysis  of  particles  sizes  was  conducted  as  in  laboratory,  as  on  equipment  of 
customers  enterprises. 
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Figure  5  The  mass  distribution  of  Zr02  particles  (granulometric  composition  is  deter¬ 
mined  by  electron  and  optic  microscope) 


In  authors  opinion  the  existing  in  the  world  instruments  for  analysis  of  dispersive  com¬ 
position:  sedimentometers,  laser  counters  and  instruments  for  determinations  of  specific  sur¬ 
face  do  not  give  objective  characteristic  of  particles  on  submicron  level.  Therefore  the  control 
for  updating  of  results  with  helps  optical  and  electronic  microscopes,  as  well  as  their  computer 
processing  is  practical  always  necessary.  As  the  example,  in  table  3  presented  the  granulometric 
analysis  of  the  same  consignment  of  monocorundum  powder  on  photosedimentometer  “SKC- 
200”  and  on  laser  counter  “SEISIN”.  The  chemical  analysis  of  products,  as  a  rule,  was  con¬ 
ducted  on  equipment  of  special  enterprises. 


Fig.6  Scheme  of  the  ’Combi*  unit. 

7  -  classifier  control  console  1 2-1 7-  gas  distribution  centre 

8  -  projectiles  control  console  1 8  -  loading  hatch 

9  -  ejector  of  earge  fraction  return  1 9  -  nozzle  block 

10  -  receiving  hopper  for  end  product  20-24 -blow  system 

1 1  -  fine  filter  25  -  mechanical  shaker 


1  -  blending  hopper 

2  -  circulation  tube 

3  -  classifier 
4,5  -  cyclone 
6  -  projectiles 
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Table  1 .  Comparative  characteristics  of  granulometric  composition  of  abrasive 

powders  on  the  base  of  electric  corundum  by  USA  and  TSU  (Tomsk)  firms. 
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Table  2.  Grinding  and  fractionation  of  beryllium  oxide  . 

Percentage  of  foreign  chemical  element's  impurities 
pre-  and  post-  processing  on  the“Combi”  unit  (TSU). 


ELEMENT 

Initial  percentage,  % 

Percentage  in  end  product,  % 

Br  -  boron 

3,610* 

9,4-10'* 

Si  -  silicon 

4,7-10* 

7,2-10-* 

Mn  -  manganese 

3,6-10-'' 

5,0-10-'' 

Fe  -  ferrum 

4,3- 10- 

5,4-10'* 

Mg  -  magnesium 

5,0-10* 

3,9-10* 

Cr 

5,4-10* 

6,8-10* 

Ni  -  nickel 

1,5-10-^ 

7,2-10* 

A1  -  aluminium 

1,2-10- 

1,7-10-* 

Cu  -  cuprum 

4,7- lO-'* 

4,3-10"' 

Zn  -  zinc 

4,7- 10* 

4,7-10'* 

Ca  -  calcium 

5,7- 10* 

5,7-10* 

Ag  -  silver 

1,1-10* 

1,1-10* 

Li  -  lithium 

1,1-10* 

1,1-10* 

Na  -  sodium 

3,6-10-* 

4,3-10'* 

Table  3.  Grinding  and  fractionation  of  monocorundum  powder. 
Granulometric  composition  on  foreign  firm's  evalution. 


"SKC  -  200" 

"SEISIN" 

S ,  mkm 

% 

S ,  mkm 

% 

78,27 

0-1 

52,8 

18,05 

1  -  1,5 

19,8 

1-1,5 

1,84 

1,5-2 

11,9 

1,5-2 

1,84 

2-3 

15,0 

^50  =  0,32  mkm 

S  so-  0,9  mkm 
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Abstract 

The  subject  of  this  paper  is  to  describe  the  experimental  facts  in  the  field  of  steady  state 
burning  and  to  estimate  the  critical  burning  conditions  of  three  categories  of  AN-based 
compositions;.  Neat  AN  with  minor  additives  to  lower  the  pressure  deflagration  limit 
(PDL),  compositions  based  on  AN/TNT  80/20  mixture,  materials  containing  RDX  or 
liquid  nitric  esters. 

It  is  shown  that  combustion  of  almost  all  of  the  substances  studied  is  characterized  by 
the  usual  for  many  propellants  and  high  explosives  burning  rate  and  dependence  of  the 
rate  on  ambient  pressure  but  at  the  same  time  it  is  connected  with  the  very  low  level  of 
burning  stability;  PDL  and  critical  diameter  of  burning  in  the  majority  of  cases  are  much 
higher  than  the  corresponding  values  observed  for  the  standard  double  base  and 
composite  propellants  as  well  as  for  the  variety  of  nitrocompounds  investigated  earlier. 

The  preliminary  explanation  proposed  for  this  peculiarity  takes  into  consideration  the 
experimental  observation  that  in  the  moderate  pressure  region,  reactions  of  thermal 
decomposition  of  AN  proceed  in  a  liquid  layer  which  comprises  a  mixture  of  melted 
AN,  water,  nitric  acid,  ammonia,  nitrogen  oxides,  and  some  other  less  pronounced 
constituents.  Reactions  in  this  layer  go  on  slowly  and  release  the  correspondingly  low 
quantities  of  heat  at  relatively  low  characteristic  temperature.  Reactions  in  the  secondary 
flame  are  separated  from  the  liquid/solid  interface  by  a  layer  of  the  rather  inert  fluid  and 
do  not  participate  significantly  in  formation  of  the  bum  rate  of  the  composition.  They 
strongly  influence  however  PDL  and  dc  values.  A  theoretical  description  of  the  influence 
of  melting,  intermediate  layer  of  liquid  formation  and  heat  of  reactions  evolved  in  the 
liquid  layer,  on  the  one  side,  and  in  the  secondary  flame,  on  the  other  side,  is  assumed  to 
be  presented  in  one  of  the  next  papers. 


LlntroductioBi 

Ammonium  nitrate,  AN,  is  a  widely  used  oxidizer  yielding  in  the  mixtures  with  usual 
organic  fuels  the  burning  products  which  do  not  contain,  under  conditions  of 
thermodynamic  equilibrium,  any  environmentally  harmful  constituents.  The  relatively 
low  enthalpy  of  formation  of  this  oxidizer  is  expiated  by  the  very  low  cost  of  the 
commercial  grade  product  which  may  provide  correspondingly  the  very  cheap  unit  of 
specific  impulse.  Another  essential  advantage  of  AN-based  compositions  consists  in 


163  -  2 


comparatively  low  sensitivity  to  mechanical  stimuli.  Accidental  explosions  of  the 
compositions  of  this  type  still  had  taken  place  in  the  course  of  the  long  history  of  their 
production,  transportation  and  application  that  allowed  to  construct  however  the  well 
developed  approach  to  the  safety  provision  of  the  materials  of  this  sort  as  a  whole. 
Obviously  this  long,  hard  and  hazardous  way  must  be  passed  through  with  every  new,  or 
may  be  relatively  old  but  less  assimilated,  oxidizer.  One  might  say  that  for  the 
specialists  in  the  field  of  safety  AN-based  EM  constitute  rather  boring  subject  of  study. 
Nevertheless,  at  this  stage  of  development  of  a  new  kind  of  compositions  on  the  base  of 
AN  for  rocket  propulsion  it  would  be  necessary  to  consider  all  the  information 
concerning  the  fundamental  performances  of  AN-based  EM,  bearing  in  mind  both 
clarification  of  their  advantages  as  suggested  rocket  propellants  and  estimation  of 
possibly  dangerous  behavior  as  the  subjects  of  the  technology.  Very  important  in  this 
respect  obviously  is  the  possibility  of  explosive  substances  of  this  sort  to  bum,  in 
general,  and  the  ballistic  properties  of  their  burning,  in  particular.  It  is  the  main  goal  of 
this  paper. 

Several  categories  of  AN-based  model  propellants  were  studied  in  this  paper: 

1.  Neat  AN,  burning  as  a  solid  monopropellant,  with  minor  additives  to  lower  the 
pressure  deflagration  limit  (PDL). 

2.  Compositions  based  on  AN/TNT  80/20  mixture  under  influence  of  the  catalysts, 
carbonaceous  materials  including  carbon  black,  and  some  suppressants  of  burning. 

3.  Materials  containing,  besides  AN  and  TNT,  RDX  or  liquid  nitric  esters. 

Preliminary  results  indicate  that,  up  to  pressures  of  the  order  of  hundreds  atm,  the 
essential  part  of  reactions  responsible  for  heat  evolution  during  the  combustion  proceed 
mostly  in  the  liquid  layer  near  the  solid/liquid  interface  for  pure  AN  and  AN  with 
organic  fuels  (including  TNT  and  RDX),  as  well  as  for  AN  water  impregnated 
compositions;  studied  earlier  [Egorshev-91KY],  whereas,  at  higher  pressures,  the  gas 
phase  flame  certainly  plays  an  important  role  in  controlling  the  bum  rate. 


2.  Burntimg  off  AN  mniBKihnres  miBaieiraDl  addMwes 


K.  Andreev  and  A.  Glaskova  [Andreev-52G,  Glaskova-67,  Andreev-67Ga,  Andreev- 
67Gb]  in  Russia  were  among  the  first  who  extensively  investigated  burning  of  AN  and 
AN-based  compositions.  The  main  goal  of  their  study  was  to  clarify  mechanisms  of 
burning  and  elucidate  the  influence  of  possible  catalysts  (considered  at  that  time  by 
Andreev  as  one  of  the  main  factors  determining  safety  of  AN-based  explosives  as 
applied  in  coal  mines). 


At  room  temperature  neat  AN  did  not  bum  in  experiments  carried  out  by  Glaskova 
[Glaskova-67],  by  means  of  a  constant  pressure  bomb,  in  glass  tubes  of  relatively  large 
diameter  -  up  to  30  mm  -  even  at  1000  atm.  In  PMMA  tubes  of  7  mm  inner  diameter 
(AN  density  1.1  g/cm^)  burning  waves  propagated  following  ignition  by  a  tablet  of 
dynammon,  supposedly  due  to  partial  reaction  of  AN  with  PMMA  walls.  The  measured 
mass  burning  rate  at  1000  atm  was  0.8  g/cm^s.  In  accordance  with  previous 
investigations  [Taylor-48,  Taylor-49S,  Shidlovsky-58],  it  was  found  that  a  variety  of 
small  mineral  additives  makes  burning  of  AN  possible  without  PMMA. 
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Fig.l.  Burning  of  AN  containing  5-7%  additives  [Glaskova-67]  in 
a  pressure  interval  from  1  to  1000  atm. 


Typical  burning  rates  in  a 
pressure  interval  from  1  to 
1000  atm  are  presented  in 
Fig.  1  (taken  from 
[Glaskova-67]).  Content 
of  the  additives  is  5%  by 
mass.  All  experiments 
were  carried  out  in 
PMMA  tubes,  inner 
diameter  7  mm  and  outer 
diameter  9  mm,  with  char¬ 


ge  porosity  close  to  zero. 
A  similar  behavior  was 

observed  in  the  course  of  experiments  with  AN/TNT  80/20  mixture  (denoted  as  Am  in 
Fig.  2).  This  composition  bums  rather  slowly  and  has  also  very  high  pressure 
deflagration  limit  (although  much  less  than  for  pure  AN),  about  130  atm.  The  presence 
of  AN  deflagration  catalysts  enhances  bum  rates  of  AN/TNT  80/20  and  reduces  PDL. 


Similar  experiments  were  performed 
by  the  authors  of  this  paper,  by 
means  of  a  constant  pressure  bomb 
in  PMMA  tubes  of  7  mm  inner 
diameter.  It  was  found  that;  burning 
rates  of  mixtures  containing  KCl  are 
slightly  lower  than  those  of  NaCl 
compositions.  Am  catalyzed  by  7% 
NaCl  bums  faster  than  similar 
AN/NaCl  mixtures,  and  faster  also 
than  Am  +  20%  NaCl;  but  overall 
the  results  of  our  measurements  are 
very  close  to  the  data  by  Glaskova 
[Glaskova-67]. 


2.2.] 


Fig.2  Burning  of  Am  (AN/TNT  80/20)  with  and 
without  catalysts  (5%)  in  a  pressure  interval  from  I  to 
1000  atm.  AN+NaCI+  K2Cr207  is  a  mixture  of  AN  and 
Only  a  new  fact  should  be  noted.  It  nitrocellulose  (70/20)  catalyzed  by  K2Cr207  (10%). 
was  detected  that  deflagration  of  AN  [Glaskova-67]. 
containing  KCl  or  NaCl  is 

characterized  by  a  strong  distortion  of  the  condensed  phase  surface.  At  100-200  atm 
pressures,  the  surface  bents  during  combustion  -  sometimes  forming  a  platform  of  1-2 
cm  height  -  as  a  result  of  accumulation  of  the  liquid,  including  dissolved  catalyst,  at  the 
sites  of  the  solid/liquid  interface  that  occasionally  turns  out  lower  than  the  other  regions 
of  the  interface.  During  combustion,  phase  interface  is  not  smooth,  but  rough  and 
irregular.  The  lower  part  of  the  interface  forms  a  cavern  collecting  all  the  new  portions 
of  the  liquid  flowing  down  from  the  upper  parts,  and  reaction  proceeds  preeminently  in 
the  thick  layer  of  the  liquid  in  the  cavern.  At  high  pressures,  200  atm  and  even  more, 
when  bum  rates  become  higher  and  the  liquid  layers  on  top  of  the  solid  surface  become 
thinner,  burning  wave  stability  increases.  A  similar  behavior  was  disclosed  during 
burning  of  mixtures  AN/K2Cr207  90/10  at  atmospheric  pressure  . 
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The  previous  observations  are  centered  around  a  peculiar  form  of  unstable  burning, 
which  might  be  called  gravitational  burning  instability  of  the  condensed  materials 
containing  catalyst  with  a  liquid  layer  on  the  surface.  As  a  consequence  of  this 
liquid/solid  interface  instability,  attempts  to  measure  temperature  profiles  during 
burning  of  AN-based  compositions  were  not  successful.  The  liquid  layer  reaches  the 
thermocouple  joint  sometimes  backward  or  from  the  sides,  and  no  definite  T(x)  curve 
can  be  obtained. 

The  most  effective  catalysts  of  AN  burning  are  probably  dichromates  [Taylor-48]. 
However,  it  was  stated  by  Glaskova  [Glaskova-67]  that  some  of  the  usual  participants  in 
the  redox  reactions  may  sensibly  promote  the  dichromate  effects.  One  of  the  most 
effective  promoters  of  potassium  dichromate  was  proven  to  be  potassium  oxalate 
K2C2O4:  the  addition  of  0.5%  potassium  oxalate  increases  bum  rate  of  AN/K2Cr207 
90/10  by  more  than  twice.  For  2%  K2C2O4  the  maximum  effectiveness  is  reached,  being 
the  mass  bum  rate  0.26  -  0.33  g/(cm^s)  at  2  atm  (while  with  no  oxalate  the  mass  bum 
rate  is  0.13  g/(cm^s)).  For  further  addition  of  K2C2O4,  bum  rate  is  reduced  and  a  strong 
addition  of  10%  K2C2O4  does  not  allow  AN  to  bum.  Presumably  the  potassium  oxalate 
promotes  evolution  of  active  oxygen  for  the  dichromate  to  chromate  conversion,  but 
does  not  influence  itself  the  HNO3/NH3  reactions  as  K2Cr207  does. 

3.  Brnmiimg  ®ff  AN  mnxtmres  with  espll®siv®s  amd  organic  ffrads 


3.1.  EsperimeBtal  proccdmre 


The  most  effective  fiiels  of  AN  and  AN-based  compositions  in  the  sense  of  burning 
promotion  are  charcoal  and  activated  carbon.  Burning  of  this  kind  of  mixtures  will  be 
the  object  of  another  compilation  by  the  authors.  Here  we  consider  the  mixtures  of  AN 
with  nitrocompounds,  mostly  (TNT)  -  as  a  model  composition  of  the  oxidizer  with  an 
active  binder  capable  to  melt  -  and  partly  with  RDX,  Nitroglycerin,  wood  flour  and 
carbon  black.  In  addition  to  pure  AN,  a  conunercial  grade  product  containing  several 
tenths  of  a  percent  of  ferrous  salts  of  stearic  acids  was  used,  imparting  to  AN  some  kind 
of  water  resistance  and  at  the  same  time  working  as  a  weak  catalyst  of  burning  reaction. 
This  waterproof  material  is  called  AN  ZhV  or  ANZ.  Some  of  the  mixtures  contained 
NaCl  and  Na2S04  as  the  catalysts,  and  LiF  as  the  burning  retardant.  The  full 
compositions  and  basic  characteristics  of  material  tested  are  given  in  Table  1. 

The  compositions  were  prepared  by  mixing  of  AN  (at  most  100  mcm)  with  TNT  (50 
mcm)  and  additives  by  shaking  them  in  a  glass  bulb  containing  a  dozen  of  the  rubber 
plugs  during  about  20  min.  The  mean  particles  dimensions  of  NaCl  and  Na2S04  were  at 
most  200  mcm,  LiF  20  mcm,  wood  flour  10  mcm,  and  carbon  black  at  most  1  mcm. 
Aquanit  Ke  2,  SK  Wa  1  and  Detonit  lOA  are  the  commercial  products. 

Mixtures  in  the  dry  powder  form  were  pressed  into  PMMA  tubes  of  7  mm  iener 
diameter  and  9  mm  outer  diameter  at  a  pressure  of  about  0.2  GPa  giving  practically  zero 
porosity  of  the  specimen.  12/14  mm  glass  tubes  were  also  used  for  AmZ  bum  rate 
estimation.  Relative  density  of  the  mixture  was  about  0.8  in  this  particular  case.  The 
length  of  the  cylinder  of  the  mixture  in  the  tube  was  about  20  mm.  Aquanit  Ka  2  and 
Detonit  lOA  were  pressed  into  the  tubes  by  means  of  a  plastic  punch  manually.  Relative 
density  was  about  1 .0  in  the  case  of  Aquanit  and  0.8t0.9  in  the  case  of  Detonit. 
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Bum  rate  measurements  were  implemented  in  the  constant  pressure  bomb  at  a  pressure 
from  several  atm  to  360  atm.  Drum  photoregister  FR-10  was  used  to  obtain  the  streak 
photographs  of  the  process  in  the  course  of  the  bum  rate  measurements. 

Critical  diameter  was  measured  in  conical  glass  tubes  of  0.5  to  1  mm  wall  thickness 
placed,  wide  ends  up,  into  the  glass  beaker  filled  with  water.  The  beaker  was  installed  in 
the  constant  pressure  bomb.  The  tube  was  filled  in  by  the  substance  under  investigation 
by  means  of  a  set  of  punches,  manually,  to  receive  the  highest  possible  density.  After 
burning  had  extinguished,  the  tube  was  taken  from  the  bomb,  the  residual  layer  (usually 
covering  the  iimer  surface  of  the  tube  walls)  was  carefully  removed,  and  critical 
diameter  was  measured  as  the  diameter  of  the  upper  part  of  the  unbumed  column. 

3.2.  Burra  rat®  measurememts 


Designation 


Am 


AmZ 


Am+7NaCl  74.4 


Am+20NaCl  64 


AmZ+20NaCl  63.8 


Am+10Na2SO4  72 


Am+lOLiF  72 


Am+5WF 


Am+5CB 


ANFO 


ANFO+NaCl  76.8 


Components  content,  %  by  mass 

AN 

TNT 

NaCl  and 
other 
mineral 
additives 

Hydrocarbons  and 
other  combustibles 

44.2+  5.0 

7.4CaN 


66 


76.0 


0.8+35.0RDX+1.1SC  5.5 


24RDX+5  A1 


0.8+5.2A1+10.0NE 


Aquanit  ^22 


SKI 


Detonit  lOA 


Notes;  CaN  is  calcium  nitrate,  WF  is  wood  flour,  SC  is  sodium  carboxymethylcellulose, 
NE  is  liquid  nitric  esters  (NG/DEGDN  60/40),  ‘  Extrapolated 
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Bum  rates  of  Am,  AmZ  and  their  mixtures  with  NaCl  (20%),  having  oxygen  balance 
close  to  zero,  are  shown  vs  pressure  in  Fig.  3.  Measurements  were  made,  in  a  constant 
pressure  bomb,  in  PMMA  tubes  with  porosity  of  the  specimens  close  to  zero.  For  the 
neat  AN/TNT  mixture  the  data  collected  by  Glaskova  [Glaskova-67]  are  reported, 
experimental  measurements  reveal  a  fair  scatter  presumably  connected  with  the  kind  of 
AN-based  propellants  burning  instability  mentioned  in  Section  2.  Bum  rates  of  AmZ  is 
about  1 .5  times  higher  than  that  of  AN/TNT.  The  addition  of  20%  NaCl  leads  to  further 
augmentation,  about  30  to  40%.  NaCl  as  a  catalyst  is  so  effective  that  suppresses 
influence  of  the  ferrous  salts  introduced  into  AN,  thus  bum  rates  of  AN/TNT  and  AmZ 
with  NaCl  are  almost  equal.  The  mass  bum  rate  dependence  on  pressure  is  almost  direct 
proportionality  with  the  exception  of  Am  (AN/TNT  80/20)  at  P<300  atm  and 
Am+20NaCl  at  P>300atm.  In  the  last  case,  at  P>300  atm  the  effect  of  NaCl  on  AN/TNT 
burning  becomes  weaker,  and  thus  the  Um(p)  line  gets  closer  to  that  of  the  neat  AN/TNT 
mixture  almost  overlapping  with  it  at  p  »  1000  atm..  Neat  Am  demonstrates  rather 
peculiar  Um(P)  dependence.  At  high  pressure,  it  is  the  usual  straight  line,  e=1.  In  the 
pressure  interval  from  PDL  to  about  300  atm  it  is  the  curve  characterized  by  the  n-value 

variation  stipulated  probably  by  the  complex  behavior  of  the  reactions  in  the  condensed 
phase.  The  strange  effect  of  the  tube  diameter  on  the  bum  rate  of  AmZ  is  connected 
probably,  with  its  burning  instability  and  a  reaction  of  AN  with  PMMA 

The  high  value  of  PDL  needs  a  special  attention.  For  AN/TNT  it  is  about  130  atm 
(while  most  of  the  common  rocket  or  gun  propellants  can  bum  at  atmospheric  pressure 
or  even  lower)  and  the  corresponding  mass  bum  rate  is  about  0.6  g/(cm^s)  (10  to  20 

times  larger  than  the  common 
propellants  have  at  PDL 
conditions).  Ferrous  salts  and 
NaCl  seem  to  diminish 
considerably  the  PDL  value, 
but  the  corresponding  critical 
bum  rate  at  PDL  is  still  too 
high  compared  with  the 
common  propellants.  This 
peculiarity  of  AN-based 
propellants,  i.e.  quite  usual 
bum  rate  values  and  pressure 
dependence  but  unusually 
high  PDL  and  corresponding 
critical  bum  rate  value,  will  be 
discussed  elsewhere. 

An  important  burning 
characteristic  of  the  mixtures 

is  the  shining  bright  yellowish-white  flame  indicating  condensed  carbon  evolution 
during  burning.  In  spite  of  the  close  to  zero  oxygen  balance  of  the  mixtures  in  Fig.  3, 
thin  stripes  of  carbon  black  cover  the  walls  of  the  tube  after  burning  and  the  upper 
sample  surface,  after  occasional  extinguishment,  form  the  peculiar  cellular  patterns. 

Introducing  NaCl  into  the  composition  sensibly  increases  bum  rates.  The  special  set  of 
experiments  demonstrates  that  maximum  value  is  reached  for  5%  NaCl  indicating  the 


Fig.3.  Bum  rates  of  Am  (1),  AmZ  (2,3)  and  mixture  of  Am 
with  20%NaCl  (4,5),  (2)  in  the  PMMA  tubes  of  7  mm  i.d., 
(3)  in  glass  tubes  of  12  mm  i.d.,  (1,5)  are  A.  P.  Glaskova 
data  [Glaskova-67] 
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outstanding  influence  of  sodium  and  chlorine  ions  on  the  process.  Interaction  between 
NaCl  and  NH4NO3  is  considered  the  leading  reaction. 

At  10-20  atm  the  pellets  pressed  fiom  AN/TNT+7%NaCl  mixture  extinguish  usually 
after  a  small  space  of  burning,  several  mm,  disclosing  the  curved  surface  of  the  upper 
part  of  the  pellet.  This  surface  as  well  as  the  edges  of  the  meniscus  and,  at  least  partly, 
the  lateral  surface  of  the  cylinder  are  covered  by  the  layer  of  crystalline  residue.  Its  color 
changes  from  yellow  to  brovm  or  black.  This  layer  was  removed  by  a  blade,  dissolved  in 
dry  toluene,  and  after  filtration  a  yellowish  solution  containing  almost  neat  TNT  was 
obtained.  The  residue  on  the  filter  (about  6%  of  the  layer  mass)  consisted  of  carbon 
black  and  several  grains  of  NaCl.  Almost  pure  TNT  can  be  found  after  AN  in  the 
surface  layer  is  fully  consumed.  AN  and  NaCl  react  decidedly  much  faster  than  TNT 
does.  At  low  pressures,  TNT  absorbs  the  heat  released  by  AN  decomposition,  reduces 
the  concentration  of  the  main  reactants  (NH4NO3  and  NaCl),  and  acts  preferably  as  an 
obstacle  against  further  reactions.  However,  at  higher  pressures,  when  steady  state 
burning  develops,  TNT  participates  considerably  in  the  overall  process  of  deflagration: 
mixture  of  AN/TNT  +  7%NaCl  bums  markedly  faster  than  the  mixture  AN  +  7%NaCI 
does. 

The  influence  of  other  additives  on  burning  of  AN/TNT  and  ANZ/TNT  80/20  mixtures 
is  shown  in  Figs.  4-6.  The  addition  of  10%  Na2S04  (Fig.4)  increases  the  bum  rate  of 
AN/TNT  80/20  but  NaCl  effect  is  substantially  stronger.  The  addition  of  10%  LiF,  on 

the  contrary,  decreases  the  bum  rate 
of  Am.  Admixture  of  5%  wood  flour 
(WF)  almost  does  not  change  the 
bum  rate  of  AN/TNT  80/20,  if  one 
compares  the  points  at  the  same 
pressure,  but  as  a  whole  the  curve 
u,„(P)  for  AN/TNT  80/20+5%WF 
acquires  its  peculiar  shape  and  form. 
The  main  effect  of  WF  addition 
consists  however  in  the  strong 
decrease  of  PDL  and  critical  mass 
bum  rate,  respectively  from  130  atm 
and  0.6g/(cmrs)  for  neat  Am  to  50 
atm  and  0.2  g/(cm^s). 

Still  more  pronounced  in  this  respect 

seems  to  be  carbon  black  influence  (Fig.  5).  Even  added  in  quantity  as  small  as  5%,  it 
diminishes  the  mass  bum  rate  of  AN/TNT  80/20  at  high  pressures;  but  for  small 
pressure  the  mass  bum  rate  increases,  to  0.02  g/(cm^s).  A  difference  between  AN  and 


Fig.4  Influence  of  Na2S04,  LiF  and  wood  flour  on  burning 
of  AN/TNT  80/20,  Am,  mixture. 
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compositions  of  ANfTNT  (80/20),  Am,  and  Detonit  lOA.  Lines  with  no  points  are  the 
ANZ/TNT  (80/20),  AmZ  compositions  of  AN/TNT  (80/20),  Am,  and 

ANZ/TNT  (80/20),  AmZ 

ANZ-based  materials  consists  in  the  fact  that  carbon  black  increases  the  AmZ  burning 
rate  at  least  up  to  300  atm  whereas  PDL  is  reduced  from  130  to  10-15  atm,  and  the 
critical  mass  bum  rate  from  0.6  to  0.02  (g/cm^s). 

Fig.  6  represents  the  data  for  two  AN-based  formulations,  containing  10%  of 
commercial  grade  NG/DEGDN  60/40  mixture  (called  Detonit  10 A)  or  24%  RDX 
(called  SKI).  Both  compositions  contain  also  4-5%  aluminum  powder.  Aquanit  Xs2 
contains  RDX  (35%)  and  about  10%  water  gelatinized  by  sodiiun 
carboxymethylcellulose.  All  of  them  bum  faster  than  AN/TNT  80/20,  and  even  than  the 
AN/TNT/NaCl  64/16/20  mixtures. 

ANFO  explosive  does  not  bum  steadily,  at  least  up  to  40  MPa.  20%  NaCl  addition 
makes  it  possible  to  bum,  and  the  bum  rate  at  P  =  30  MPa  becomes  even  higher  than 
that  of  Am+NaCl  (see  Table  1). 

33.  Critical  diameter  of  burning 

Estimation  of  critical  diameters,  dc,  of  high 
explosives  was  implemented  earlier 
[Annikov-67K]  to  obtain  further  information 
about  the  burning  mechanisms. 

Dependencies  of  d<i(p)  are  shown  in  Figs.  7-8. 

They  are  mostly  hyperbola  like  lines,  and 
usually  can  be  plotted  as  straight  lines  in  the 
coordinates  p  vs  1/dc  (see  Fig.9).  Processing 
of  AN  in  presence  of  iron  ferrous  sulfate  and 
organic  acids  giving  ANZ  demonstrates 
strong  decrease  of  dc  (p)  curve  position  in  the 
p  vs  dc  plane,  especially  at  moderate  pressures 
(Fig.  7).  NaCl  addition  works  about  as  AN  to 
ANZ  transformation  at  moderate  pressures 


Fig.7.  Critical  diameter  vs.  pressure  of  Am, 
AmZ  and  Am+20NaCl. 
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carbon  black  (5%)  influence  on  4  of 
compositions  of  ^/TNT  (80/20),  Am, 
ANZ/TNT  (80/20),  AmZ,  and  AN/TNT/NaCi 
(64/16/20),  Am+20NaCi. 


Fig  9.  Inverse  critical  diameter  vs.  pressure  for 
AN-based  compositions. 


(up  to  60  atm)  and  more  strongly  at  higher  pressures.  NaCl  addition  to  AN/TNT  and  to 
ANZ/TNT  80/20  mixtures  gives  about  the  same  curve  (Fig.  7).  Variation  of  density 


within  the  limits  of  1.2  to  1.4  g/cm^  discloses  the  absence  of  any  appreciable  effect.  The 


most  pronounced  decrease  of  dc  is  realized  by  means  of  carbon  black  to  Am  admixture; 
see  Fig.  8.  This  effect  is  not  so  strong  in  the  case  of  AmZ  and  AmZ  +  20NaCl  mixtures, 
but  nevertheless  it  is  evident  in  both  cases.  Wood  flour  addition  increases  burning 
stability  of  Am  but  much  weaker  than  carbon  black  does  (Fig.  8). 


3.4.  Temperatiore  iniieiiisuremenits 


The  main  reaction  in  the  course  of  burning  of  AN-based  materials  under  consideration, 
at  least  in  the  region  of  several  tens  to  several  hundreds  atm,  is  supposed  to  proceed 
preeminently  in  condensed  phase,  at  the  surface  liquid  layer,  containing  NH4NO3, 
dissolved  catalyst,  liquid  fuel  and  the  products  of  decomposition  thereof.  In  the  absence 
of  a  catalyst  the  reaction  develops  presumably  as  a  result  of  interaction  between  the 
primary  products  of  NH4NO3  decomposition,  NH3  and  HNO3,  promoted  by  the  carbon 
itself  and  the  carbon  containing  substances  produced  at  a  fuel  pyrolysis. 

The  leading  role  played  by  the  processes  in  the  liquid  layer  may  be  demonstrated  by  the 
results  of  temperature  profile  determination.  Measurements  were  carried  out  in 
cooperation  with  A.E.  Fogel’zang  using  flat  Pi-shaped  thermocouples  Tungsten/ 


Fig.l0.  Temperature  profiles  at  burning  of:  (a)  AN/TNT  (80/20),  (b)  AN/TNT  (80/20)  containing  5% 
NaCl,  and  ©  AN/TNT  (80/20)  containing  5%  wood  flour.  P=200  atm. 


163  -  10 


Tfflbl®  2 

Burning  of  AN/TNT  compositions  at  p=200  atm 


Composition 

N 

Bum 

rate, 

mm/s 

ScalC) 

nun 

N 

Sexp 

mm 

^exp 

Scale 

B 

Tf, 

K 

AN/TNT 

80/20 

17 

6.1±0.5 

0.016 

5 

0.26±0.0 

7 

H 

2 

2383±3 

7 

AN/TNT/WF 

76/19/5 

13 

6.5±0.4 

0.015 

2 

0.17±0.0 

2 

11 

4 

m 

AN/TNT/Na 

C176/19/5 

12 

11.8±0. 

8 

0.0085 

5 

0.17±0.0 

5 

20 

2 

Notes:  N  is  number  of  runs,  5  is  thickness  of  the  preheated  zone. 


S%Rhenium  -  Tungsten/20%Rhenium.  The  thermocouple  was  placed  in  the  central  part 
of  the  charge  inside  a  PMMA  tube  8  mm  diameter,  2  mm  wallets  of  the  mixtures  of 
AN/fuel/additive  were  used.  Thermocouples  of  7  mcm  wire  thickness  were  used  to 
determine  T(x)  dependence,  50  mcm  wire  thickness  to  detect  the  maximum  burning 
temperature.  Experimental  results  are  presented  in  Fig.  10  and  Table  2.  Experimental 
curves  obtained  under  the  same  operating  conditions  vary  considerably.  This  is  a 
consequence  of  the  burning  instability  phenomena.  However,  one  may  note  that  almost 
all  of  the  curves  contain,  for  temperatures  near  SOO^C,  a  small  flat  plateau  especially 
well  developed  when  burning  the  AN/TNT  80/20  material  without  additives.  A  similar 
observation  was  first  made  in  [Whittaker-64B]  and  explained  as  a  surface  tension  effect 
causing  the  liquid  to  “’hang  onto  the  thermocouple”;  on  the  other  hand,  thermal  profiles 
without  plateau  are  reported  as  well  [Alspach-91H]  (AN/TMDETN/GAP  67/12/21).  The 
thickness  of  the  liquid  layer,  separating  the  original  solid  substance  from  the  gaseous 
products  of  the  reaction,  varies  from  0.03  to  0.3  mm  for  AN/TNT  80/20.  The  mean 
value  of  0.15  mm  is  about  ten  times  higher  than  the  calculated  thickness  of  the 
preheated  Micheison  layer  as  a  whole.  This  obstacle  cannot  be  overcome  by  any  heat 
flux  from  the  gas  phase.  Thus,  the  source  of  heat  release  responsible  driving  the  mixture 
burning  is  located  in  the  liquid  layer  quite  near  the  solid  phase  surface.  NaCl  diminishes 
the  thickness  of  the  liquid,  wood  flour  decreases  it  still  more.  At  any  rate,  the  presence 
of  the  almost  horizontal  platform  on  T(x)  curves  does  mean  that  the  place  of  the  leading 
heat  release  is  positioned,  with  reference  to  Fig.  10,  on  the  right  side  of  the  platform,  and 
the  gaseous  flame  has  little  but  perceivable  influence  on  bum  rate  as  well  as  other 
relevant  burning  parameters,  especially  dc. 


3.5.  Comparison  of  the  results  with  data  for  nitrocompounds 


Chemistry  of  processes  in  condensed  phase,  at  elevated  pressures  is  very  complicated 
matter,  and  will  be  considered  in  detail  in  the  next  paper  of  the  series.  In  the  high 
pressure  region  the  results  are  easily  generalized  [Kondrikov-73RS].  Relation  between 
the  reduced  bum  rate  and  adiabatic  combustion  temperature  at  /*  =  30  MPa  is  shown  in 
Fig.  11  in  the  same  coordinates,  as  used  in  [Kondrikov-73RS].  The  straight  line  in  Fig. 
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1 1  is  taken  ftom  [KondrikoV'73RS]  and  corresponds  to  the  burning  velocity  dependence 
on  the  flame  temperature  for  nitrocompounds  at/?  =  30  MPa.  It  can  be  assumed  that  in 


Fig.ll.  Dependence  of  the  reduced  burning  rate  of  AN-based  compositions  at  P=30  MPa  on 
calculated  inverse  temperature  of  flame.  Straight  line  corresponds  to  the  same  dependence  for 
nitrocompounds  [Kondrikov-73RS] 

the  case  of  nitrocompounds,  the  Um(T^  variation  is  determined  by  the  effective  activation 
energy  of  the  interaction  between  the  nitrogen  oxides  and  the  combustible  gases  (CO, 
H2  and  similar).  All  of  the  other  substances,  with  no  catalysts  or  with  minor  content  of 
it,  (Am,  AmZ,  Am+WF,  Am+CB  and  even  Detonit  lOA)  are  positioned  in  Fig.  1 1  plane 
much  lower  than  the  line  is,  demonstrating  in  fact  that  the  leading  reaction  both  in 
condensed?  and  in  gas  phase  at  burning  of  these  compounds  proceeds  much  slower  than 
that  at  the  regular  nitrocompounds  burning.  Quite  probably  it  is  the  result  of  the  big 
ammonia  concentration  in  the  mixture.  NH3  retardation  influence  on  burning  of 
explosives  was  postulated  by  A.P.Glaskova  [Glaskova-76].  She  was  being  considered 
this  as  a  result  of  the  reverse  reaction  of  the  type  of  equilibrium  (1).  The  real  influence 
of  ammonia  is  probably  much  more  complicated  problem,  and  may  be  stipulated 
preeminently  by  the  reactions 

NH3  +  H-3>NH2  +  H2 


NH3  +  0H^NH2  +  H20 
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NH2+H~>NH  +  H2 

which  eliminate  active  hydrogen  and  hydroxyl  radicals  in  flame  to  exchange  them  by  the 
relatively  passive  species  NH2  and  NH.  Correspondingly,  the  gas  flame  does  not  take 
part  in  the  burning  wave  propagation,  while  the  reaction  in  the  condensed  phase  where 
influence  of  H  and  OH  is  relatively  small  becomes  the  leading  process  determining  the 
overall  bum  rate. 

The  catalysts  influence  leads  to  acceleration  of  the  reactions  in  the  condensed  phase  and 
correspondingly  bum  rate  of  Am,  AmZ  and  even  AN-FO  compositions  is  enhanced  to 
reach  the  reference  point  at  corresponding  temperature  or  even  to  exceed  it.  Especially 
strong  this  effect  is  in  the  AN-FO  case  where  no  burning  without  NaCl  might  be 
observed  up  to  40MPa,  meanwhile  the  very  high  value  is  reached  in  the  presence  of 
NaCl. 

S.Condusions 

The  subject  of  this  paper  is  to  describe  the  experimental  facts  in  the  field  of  steady  state 
burning  and  to  estimate  the  critical  burning  conditions  of  three  categories  of  AN-based 
compositions. 

1.  Neat  AN,  burning  as  a  solid  monopropellant,  with  minor  additives  to  lower  the 
pressure  deflagration  limit  (PDL). 

2.  Compositions  based  on  AN/TNT  80/20  mixture  under  influence  of  the  catalysts, 
carbonaceous  materials  including  carbon  black,  and  some  suppressants  of  burning. 

3.  Materials  containing,  besides  AN  and  TNT,  RDX  or  liquid  nitric  esters. 

4. 

It  is  shown  that  combustion  of  almost  all  of  the  substances  studied  is  characterized  by 
the  usual  for  many  propellants  and  high  explosives  burning  rate  and  dependence  of  the 
rate  on  ambient  pressure  but  at  the  same  time  by  the  very  low  level  of  burning  stability: 
PDL  value  and  critical  diameter  of  burning  in  the  majority  of  cases  are  much  higher  than 
the  corresponding  values  observed  for  the  usual  double  base  and  composite  propellants 
as  well  as  for  the  variety  of  nitrocompounds  investigated  earlier. 

The  preliminary  explanation  proposed  for  this  peculiarity  takes  into  consideration  the 
experimental  observation  that  in  the  moderate  pressure  region,  related  to  the  PDL,  and 
dc  values,  reactions  of  thermal  decomposition  of  AN  proceed  in  a  liquid  layer  which 
comprises  a  mixture  of  melted  AN,  water,  nitric  acid,  ammonia,  nitrogen  oxides,  and 
some  other  less  pronounced  constituents.  Reactions  in  this  layer  go  on  slowly  and 
release  the  correspondingly  low  quantities  of  heat  at  relatively  low  characteristic 
temperature.  Reactions  in  the  secondary  flame  are  separated  from  the  liquid/solid 
interface  by  a  layer  of  the  rather  inert  fluid  and  do  not  participate  significantly  in 
formation  of  the  burning  process  as  a  whole.  They  strongly  influence  however  PDL  and 
do  values.  A  theoretical  description  of  the  influence  of  melting,  intermediate  layer  of 
liquid  formation  and  heat  of  reactions  evolved  in  the  liquid  layer,  on  the  one  side,  and  in 
the  secondary  flame,  on  the  other  side,  is  assumed  to  be  presented  in  one  of  the  next 
papers. 

Generally  speaking,  the  ammonium  nitrate  compositions  are  created  by  Nature  for 
practical  utilization  in  the  form  of  high  explosives,  not  propellants.  They  react  slowly 
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and  have  no  tendency  to  bum  at  low  pressures  and  correspondingly  display  the 
outstanding  safety  characteristics.  At  the  same  time  they  react  very  eagerly  at  high 
pressures,  and  accordingly  behave  under  these  conditions  as  very  effective  explosives. 
This  does  not  mean  absolutely  that  the  problem  of  accidental  explosion  hazard  in  the 
case  of  AN-based  explosives  and  propellants  has  no  practical  sense.  Versus  versa,  it  is 
extremely  actual  problem.  On  the  one  hand,  psychologically,  the  safe  explosives  have 
the  strong  tendency  to  give  accidental  explosions  more  often  than  relatively  more 
hazardous  materials.  On  the  other  hand,  our  main  objective  is  to  force  AN-based 
compositions  to  bum  properly  at  the  relatively  low  pressures,  and  when  this  goal  will  be 
reached,  the  main,  in  the  sense  of  safety,  advantage  of  these  compositions,  low  burning 
stability,  will  be  automatically  avoided,  and  the  problem  of  safety  will  arise  undoubtedly 
again. 

In  the  presence  of  some  additives,  first  of  all  carbon  black,  the  burning  stability  of  AN- 
based  formulations  may  be  essentially  augmented.  PDL  is  decreased  to  atmospheric 
pressure,  dc  numbers  get  to  the  usual  for  the  rocket  and  gun  propellants  figures, 
secondary  flame  is  assumed  to  begin  to  play  an  essential  role  during  burning  of  AN- 
based  compositions. 

Problems  to  be  discussed  in  the  next  papers  include  influence  of  the  thin  dispersed 
metals  (aluminum  and  magnesium),  stmcture  of  the  gas  phase  flame,  details  of  the 
burning  surface,  burning  stability  problems,  and  more. 
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Burning  of  Liquid  Aliphatic  Azides 
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9  Miusskaya  Sq.,  Moscow  125047,  Russia 

Burning  of  16  aliphatic  azides  is  investigated  in  glass  tubes  of 
different  diameter  at  a  constant  pressure.  Constants  of  burn 
rate  vs  pressure  law  u  =  u,  p"  in  the  region  of  steady-state 
combustion  are  estimated.  For  several  of  the  substances 
temperature  profiles  in  the  burning  wave  are  measured  by  the 
method  of  thin  thermocouples. 

Thermodynamic  analyses  of  the  alyphatic  azides  is  carried 
out.  Heats  of  formation  and  evaporation  of  the  substances  and 
their  boiling  points  are  determined.  Adiabatic  flame 
temperatures  T^  are  calculated  using  the  modern  computer 
code  REAL-1,  and  correlation  of  u  data  with  Tp  is  performed. 

Comparison  of  calculated  temperature  of  a  leading  chemical 
reaction  T,  with  experimentally  observed  effective 
temperature  T,,  is  made  in  suggestion  of  the  first  order 
kinetics  for  several  azides  of  different  chemical  structure. 
Values  of  T,  for  monoazido-propionic  ester  of  acetic  acid 
eventually  coincide  with  the  T,,  data.  Thus  the  first  order  of  the 
leading  chemical  reaction  is  quantitatively  supported  in  this 
particular  case.  In  some  of  the  other  cases  this  suggestion 
might  be  also  at  least  substantiated. 

Azidoethanol  demonstrates  very  interesting  peculiarity  at 
comparison  of  experimental  and  calculated  effective  burning 
temperatures  vs  pressure  curves.  In  the  interval  of  4  to  20kPa 
the  curves  essentially  coincide  if  the  first  order  reaction 
mechanism  is  used  for  the  calculations,  whereas  the 
progressive  increasing  difference  between  them  (T,  >  T,,)  can 
be  noted  at  20  to  SOkPa.  Presumably  this  incostistency 
between  T.,  and  T,  may  be  connected  with  Landau  instability 
effect  that  usually  results  in  T.,  to  decrease. 
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Calculation  of  the  burn  rate  of  droplets  of  azidoethanol  is 
carried  out  in  the  interval  of  pressures  of  0.005  to  0.1  MPa  in 
the  framework  of  F.Wiliiams  approach.  The  caicuiation  resuits 
agree  very  weii  with  the  experimentai  data  previousiy 
reported.  Corresponding  comparison  of  caicuiated  and 
experimentaiiy  observed  data  for  a  series  of  diazides 
thoroughiy  studied  earlier  by  C.K.Law  and  coworkers 
demonstrates  significant  difference  between  mono-  and 
diazides  probabiy  due  to  influence  of  the  reaction  in 
condensed  phase  at  a  high  temperature  of  the  iiquid  in  the  last 
case. 

Results  of  these  investigations  are  used,  in  particular,  for 
interpretation  of  the  experimentai  data  received  in  our 
Laboratory  and  reiated  to  sensitivity  of  iiquid  (and  meited)  EM 
assessment.  It  was  stated  recently  that  constants  of  the 
burning  iaw  are  the  essential  factors  stipulated  the  sensitivity 
of  a  iiquid  EM.  Very  good  results  in  eiucidation  of  the 
sensitivity  ievei  of  the  compounds  studied  were  achieved.  The 
data  now  determined  aiiow  to  caicuiate,  in  accordance  with 
the  vaiues  eventuaiiy  measured,  the  figures  of  sensitivity  for 
poiyazides,1,3-diazidopropyi-azidoacetate,  and  2-azidoethoxy- 
4,6-diazido-s-triazine. 
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Abstract 

Actions  of  different  catalysts  on  the  combustion  mechanism  of  nitramine  containing 
double  base  propellants  have  been  investigated  by  microthennocouple  techniques.  A  theory  of 
thennocouple  measurements  in  combustion  waves  of  solids  is  briefly  outlined.  The  catalysts 
containing  oxides  of  Fe,  Pb,  Ni  and  soot  and  complex  compounds  of  Co,  K,  Cu,  S  and  Pb 
were  used.  Burning  wave  parameters  of  the  propellants  with  and  without  these  catalysts  were 
found  at  pressures  20,  50  and  lOOatm.  Differences  between  these  parameters  constitute  blocks 
of  new  parameteis  which  present  multiparametric  actions  of  the  catalysts.  Tliese  blocks  of  the 
new  parameters  have  been  presented  as  matrixes  for  each  catalyst.  The  matrixes  are  useful  for 
description  of  the  multiparametric  actions  of  the  catalysts  in  combustion  waves  of  the 
modified  propellants.A  possible  uses  of  the  matrixes  is  discussed.  The  places  of  the  catalytic 
actions  in  combustion  waves  and  the  character  of  their  actions  were  established.  Four  modes 
(types)  of  catalytic  actions  in  combustion  waves  were  identified:  mode  of  iionnal  catalytic 
action,  catalytic  mode  of  blowing  off,  catalytic  mode  of  heat  compensation  and  gas  phase 
catalytic  mode.  It  was  revealed  that  a  significant  increasing  of  burning  rate  is  associated 
usually  with  an  increase  of  heat  release  in  solid  or  on  the  burning  surface. 

Introduction 

Modern  propellants  contain  various  nitramines  which  improve  the  ballistic 
characteristics  [1-4].  As  a  rule  the  propellants  contain  also  different  catalysts  for 
regulation  of  burning  rate  laws.  The  actions  of  these  catalysts  usually  can  be 
detennined  only  by  the  trial-and-error  method.  An  understanding  the  mechanism  of 
catalytic  effect  in  combustion  waves  is  necessary  to  creating  a  more  productive 
method  of  catalyst  searching.  The  paper  aims  to  obtain  changes  of  burning  wave 
parameters  due  to  catalysts  including  into  a  typical  double  base  modern  propellant,  to 
classify  these  changes  and  to  suggest  a  method  of  the  catalytic  action  presentation 
which  probably  can  be  useful  for  catalyst  searching.  A  possible  method  of  prediction 
of  actions  of  used  catalysts  by  computer  simulation  is  discussed. 

Burning  wave  parameters  of  the  propellants  have  been  obtained  by 
microthennocouple  techniques  [5-9].  Tlie  parameters  of  combustion  waves  are  as 
follows:  mass  burning  rate,  burning  surface  temperature,  heat  feedback  from  gas  to 
solid,  heat  release  in  solid,  heat  release  rate  in  gas  near  to  the  burning  surface,  sizes 
and  temperatures  of  zones  in  gas  and  solid.  Tlie  catalytic  action  is  investigated  by 
comparing  the  burning  wave  parameters  obtained  for  catalyzed  and  noncatalyzed 
(base)  propellants:  the  differences  between  the  parameters  comprise  blocks  of 
catalytic  actions. 

The  paper  continues  the  investigations  which  were  made  in  [5-7,  10].  The  content  of 
the  paper  is  as  follows:  methods  of  investigations,  combustion  mechanism  of  base 
propellant,  mechanism  of  catalytic  actions  in  propellant  combustion  waves. 
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classification  of  catalytic  actions  in  combustion  waves  and  discussion  about 
predictions  of  catalytic  actions. 

Methods  of  Investigations 

Temperature  profiles  of  the  combustion  waves  were  obtained  by 
microthermocouples  imbedded  into  solid.  Thermocouples  went  through  combustion 
waves  when  the  waves  propagated  tlirough  the  solid  samples  and  registered 
temperature  profiles.  Microthermocouples  made  of  alloys  W+5%Re/W+20%Re  were 
used.  The  ribbon  U-shaped  thermocouples  3.5-7  mkm  thick  were  imbedded  into 
samples  which  were  cut  along  the  axis  and  then  were  glued  by  acetone.  Every  sample 
had  inside  2-3  thermocouples  placed  one  above  the  other.  Distances  between 
junctions  were  2-4  nun.  The  samples  had  been  burned  in  a  bomb  of  constant 
pressure  in  atmosphere  of  nitrogen  at  pressures  20,  50  and  lOOatm.  The  ignition  was 
perfonned  by  a  heated  nickel-chromium  wire.  Burning  rate  was  registrated  by  time 
delay  between  the  thennocouple  signals,  by  pressure  increase  in  the  bomb  during 
sample  combustion  and  by  photo-registrations.  Thermocouple  signals  were  registered 
by  the  amplifier  and  oscillograph.  Burning  surface  temperatures  were  measured  by 
thermocouples  pressed  to  the  burning  surface  by  special  device  (at  low  pressures)  or 
by  establishing  the  locations  of  slope  breaks  on  temperature  profiles  registered  by 
thermocouples  (see  below). 

In  combustion  waves  there  exist  high  temperature  gradients  and  thermocouple 
measurements  can  give  temperature  profiles  with  significant  errors  due  to 
thermocouple  heat  inertia.  Because  of  that  it  is  necessary  to  find  conditions  under 
which  thermocouple  measurements  in  combustion  waves  will  introduce  small  errors. 
These  conditions  have  been  found  by  numerical  simulations  of  the  process  of  heat 
exchange  between  thermal  layer  of  solid  and  the  thennocouple  inside  the  layer  when 
the  combustion  wave  propagates.  The  thermocouple  partially  absorbs  the  heat  of  the 
thennal  layer  and  decreases  the  temperature  at  the  point  of  the  measurement.  The 
condition  of  small  temperature  decrease  (less  than  10%)  is  indicated  by  the  following 
formula  :  h  <  0.2  xAb;  (1) 

Here:  h  -  thermocouple  thickness  (in  cm),  %  -  heat  diffusivity  of  the  solid  (in  cm  Vs), 
rb  -  linear  burning  rate  (in  cm/s),  x/^b—h’  where  If  is  the  thickness  of  the  thennal 
layer  of  the  condensed  phase.  Expression  (1)  implies  that  thennocouple  measurement 
can  be  successful  only  if  thermocouple  thickness  is  at  least  5  times  less  than  If.  It  is 
an  obligatory  requirement  upon  reliable  thermocouple  measurements  in  combustion 
waves.  There  is  another  requirement:  the  thermocouples  must  have  U-shape  form.  It 
is  necessary  because  of  great  difference  between  heat  conductivity  coefficients  of 
metallic  thermocouple  wire  and  that  of  solid  or  gas  (the  difference  comprises  3 
order).  In  U-shaped  thermocouples  the  junctions  do  not  experience  large  temperature 
decrease.  The  decrease  is  caused  by  heat  losses  into  wires  when  the  thermocouple  is 
in  the  field  of  large  temperature  gradient.  Angle-shape  thermocouples  can  not  be 
used  just  because  of  the  indicated  heat  losses.  There  are  experimental  confinnations 
of  significant  temperature  errors  introduced  by  angle-shape  thermocouples.  Modelling 
experiments  and  numerical  simulations  show  that  decrease  of  junction  temperature 
for  condensed  and  gas  phases  will  be  small  (<3%)  if  the  horizontal  part  I2  of  U- 
shaped  thermocouple  is  as  follows:  I2  >  100  h;  (2) 
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Consideration  of  displacement  of  junction  when  U-shaped  thermocouple  passes  the 
boundary  of  solid-gas  and  the  thermocouple  is  subjected  to  the  gas  stream  from  the 
burning  surface  shows  that  the  displacement  is  much  less  than  h  if  condition  (2)  is 
fulfilled. 

Thennal  inertia  of  the  thennocouple  in  gas  phase  must  be  eliminated  by  a  special 
procedure.  The  procedure  implies  the  use  of  the  following  equation: 

dTex/dx  =  (rb  ro)''  (T  -  Tex);  (3) 

Here:  T  -  the  real  temperature  of  gas  in  combustion  wave;  Tex  '  the  temperature 
registrated  by  thermocouple;  Xq  -  time  response  of  thennocouple  in  gas.  Time 
response  Tq  depends  on  mass  burning  rate  m  (m=p  rb)  and  on  T.  Values  Xo  for  used 
thermocouples  can  be  found  by  expression  Xo=C2  P2/2a,  where  C2  P2  -  volume 
specific  heat  capacity  coefficient  of  thermocouple  (C2P2=0.614cal/cm^s  for 
W,Re/W,Re),  a  -  heat  exchange  coefficient  between  gas  and  thermocouple.  Values  a 
can  be  found  by  the  following  equation:  Nu=0.72Vr^  ;  (4) 

Here:  Nu=20ah/l.i;  (Nu  -  Nusselt  criterion);  Re=20mh/p]  (Re  -  Reynolds 
criterion),  where  -  and  -  heat  conductivity  and  viscosity  coefficients  of  gas 

phase. 

TTie  above  outlined  short  theory  of  thermocouple  measurements  in  combustion  waves 
of  solids  was  tested  and  confirmed  by  measurements  of  combustion  wave  temperature 
profiles  by  thermocouples  with  gradually  decreased  thickness  (method  of  “zero 
diameter”).  All  the  above  mentioned  requirements  have  been  met.  Calculations  show 
that  for  used  propellants  and  microthermocouples  all  distortions  of  burning  waves  due 
to  thermocouple  imbedding  are  small  under  the  investigated  conditions. 

Different  types  of  metal  wires  for  thennocouples  were  used  (We, Re  and 
Pt/Pt+13%Wi)  to  test  the  catalytic  effect  on  thennocouples.  The  effect  of  this  type  of 
catalysis  has  not  been  observed. 

The  above  mentioned  method  of  burning  surface  temperature  Tj  measurement  by 
detennining  the  locations  of  slope  breaks  on  temperature  profiles  registered  by 
thermocouples  (method  of  “slope  break”)  is  based  on  the  existence  of  the  delay 
(rb'Xo).  The  delay  is  due  to  the  change  of  heat  exchange  laws  between  medium  and 
thennocouple:  contact  heat  exchange  in  solid  is  transfonned  into  heat  exchange  by 
Newton  law  in  gas. 

Tlie  received  profiles  allow  the  following  parameters  of  propellant  combustion 
waves  to  be  evaluated:  heat  feedback  from  gas  to  solid  (q)  by  heat  conductivity,  heat 
release  in  solid  (Q),  heat  release  rate  in  gas  near  to  burning  surface  (O).  Heat  flux  by 
heat  conductivity  from  gas  to  the  burning  surface  can  be  obtained  by  the  slope  of  the 
temperature  profile  near  to  the  bum  surface  and  by  the  use  of  the  following  fonnula: 

q  m  =  -  Xi(T).(dT/dx)o;  (5) 

Heat  feedback  from  gas  into  solid  by  heat  conductivity  can  be  obtained  by  the 
following  expression:  q  =  -  Xi(T)  (p/m: 

Heat  feedback  by  flame  radiation  is  smalt. 

Heat  release  in  the  reaction  layer  of  the  solid  phase  (and  on  the  solid  surface)  is  as 
follows:  Q  =  c  (Ts  -  To)  -  q  +qm;  (6) 

Here  qm  is  the  heat  of  nitramine  melting. 
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This  parameter  Q  includes  heat  release  inside  the  reaction  layer  of  solid  and  heat 
release  on  the  burning  surface  as  well.  Existing  methods  Q  obtaining  do  not  allow 
these  two  types  of  heat  release  separately  to  be  measured.  It  is  highly  probable  that 
the  heat  release  on  the  burning  surface  from  the  gas  side  plays  a  very  significant  role 
in  combustion  waves  of  catalyzed  propellants. 

Heat  conductivity  equation  for  gas  phase  of  stable  combustion  waves  is  as  follows: 

V  -  m  CpTx’ +  0(T)  =  0  ;  (7) 

Here;  Cp  ,  X-j  -  specific  heat  capacity  and  heat  conductivity  coefficients  of  gas  phase 
correspondingly.  Generally  distribution  of  volumetric  heat-release-rate  0(T)  in  gas 
can  be  received  by  using  experimentally  obtained  temperature  profile  T(x),  eq.(7)  and 
by  a  special  calculation  procedure.  However  an  approximate  expression  can  be 
obtained  for  d)  close  to  the  surface  when  there  exists  a  significant  heat  release  in  the 
solid  phase.  It  is  just  the  case  observed  here.  Tire  first  tenn  of  eq.(7)  for  propellant 
profiles  is  small  and  thus  the  following  expression  is  valid:  (I)=Cp  m  (p;  (8) 

Combustion  Mechanism  of  the  Base  Propellant 

The  typical  modern  double  base  propellant  was  chosen  as  the  basic  one.  It 
contains  34%  nitrocellulose,  33%  nitroglycerine,  15%  HMX,  15%  nitrosoamine  and 
3%  technological  additions.  Caloric  power  1085cal/g,  flame  temperature  Tf=2450°C. 
Diameter  of  cylindrical  samples  8mm,  length  30mm.  Back  side  was  protected  by  thin 
layer  of  polymer.  Figs.l,  2  and  3  sliow  tlie  obtained  averaged  temperature  profiles 
(averaging  8-12  experimental  registrations).  It  can  be  see  that  at  20atm  gas  phase  has 
a  typical  for  double  base  propellants  two-zone  structure:  dark  zone  and  flame  zone  []. 
At  50atm  both  zones  are  very  close  and  at  lOOatm  they  merge.  Table  I  presents 
obtained  averaged  burning  wave  parameters.  The  following  coefficients  were  used:  for 
solid  c=0.36cal/g  K,  p=1.6g/cm^,  qm=4cal/g;  for  gas  Cp=0.465-83.3/T  (T  in  K), 
7,i=[0.167Vr  -2.67]10'‘‘cal/cm  s  K  (T  in  K).  The  used  nomenclature  is  as  follows:  Tj 

-  mean  dark  zone  temperature;  Tf  -  flame  temperature;  //  -  thickness  of  heat  layer  in 
solid  (i.e.  distance  between  surface  and  section  T*,  where  T*=(Ts-To)/2.72  +To;); 

Imf  -  heat  conductive  size  in  solid  (/m/=x/>'b>  x“10'^cmVs);  6  -  relative  thickness  of 
heat  layer  in  solid  (6= ////„/);  Ig  -  thickness  of  gas  phase  zone  of  variable  temperature 
(i.e.  distance  between  section  0.9T|  and  T^  or,  when  gas  zones  merge,  -  between 
0.9Tf  and  Tj);  l^g  -  heat  conductive  size  in  gas  (/mg=7,i/Cp  m);  Q  -  relative  tliickness 
of  gas  phase  zone  of  variable  temperature  (n=y/„^);  Lj  -  thickness  of  dark  zone;  L 

-  distance  for  surface  till  flame  (till  section  0.95Tf). 

It  can  be  seen  that  parameters  m,  Tj,  (p,  q  and  Q  monotonically  grow  when  pressure 
increases.  Value  Tf  also  increases  and  acliieves  maximum  between  50  and  lOOatm. 
Distances  Li  and  L  are  over  heat  conductive  sizes  of  gas  phase  zone  20  -  200  times 
(see  values  Q).  It  is  important  to  stress  since  it  implies  that  a  large  heat  resistance 
exists  between  burning  surface  and  high  temperature  regions  of  the  gas  phase.  It 
implies  also  that  burning  rate  control  stage  can  be  only  heat  release  in  solid  and  a 
very  tlrin  low-temperature  gas  layer  {l„g  thick)  close  to  the  burning  surface.  In  other 
words  investigated  propellant  has  a  very  thick  reaction  region  in  gas  with  heat  release 
rate  distributed  along  the  gas  phase. 
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Obtained  values  5  can  be  assumed  as  close  to  1  because  value  of  heat  diffusivity  of 
solid  x==10'^cmVs  used  for  the  appraisal  5  was  taken  from  the  determinations  of  that 
parameter  at  normal  temperature.  It  is  obvious  that  at  elevated  heat  layer 
temperatures  x  have  to  be  higher.  In  fact  values  5  obtained  from  temperature  profiles 
in  solid  allow  %  determination  at  elevated  temperatures.  Thus  obtained  values  6  imply 
that  X— (2-3)10"^cmVs  in  heat  layer.  It  implies  also  that  this  layer  can  be  as.sumed  as 
heat  conductive  size  and  that  subsurface  heat  release  is  concentrated  inside  thin 
reaction  layer  close  to  surface. 

It  is  necessary  to  note  that  all  the  obtained  peculiarities  of  combustion  of  the  studied 
nitramine  propellants  are  inherent  ones  for  all  double  base  propellants  [8,  9]. 

Table  1 

Base  Propellant  Burning  Wave  Parameters 


pressure,  atm 

20 

50 

100 

m,  g/cm^s 

0,71 

1,65 

2,31 

Ts,°C 

365 

442 

478 

(p.lO'*,  K/cm 

4,6 

11 

16,6 

q,  cal/g 

10 

12 

13,7 

Q,  cal/g 

115 

140 

151 

Ti,°C 

1200 

- 

- 

Tf,"C 

190 

2400 

2450 

It,  mkm 

44 

28 

20 

/„,,  mkm 

23 

10 

7 

6 

1,9 

2,8 

2,8 

/^,mkni 

200 

480 

111  loll 

10 

5 

3 

Q. 

20 

166 

Li,mm 

1,2 

- 

- 

L,mm 

- 

1,5 

0,5 

O,  Aeal/cm^s 

12 

68 

150 

The  investigation  shows  that  catalyzed  propellants  have  the  same  qualitative 
peculiarities  of  combustion  waves  as  noncatalyzed  propellants  (in  particular,  large 
values  Q  and  values  6  close  to  1).  Because  of  that  the  investigations  of  the  pointed 
above  catalysts  in  combustion  waves  of  catalysed  propellants  will  be  conducted  by  the 
analyses  of  the  behaviour  of  the  main  wave  parameters:  m,  Tj,  q,  Q,  O  and  L. 

It  is  convenient  to  present  the  main  parameters  in  the  form  of  the  following 

matrix: 
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Tpi  m,  Tsi  Pi  Qi  0|  L,|^ 

I P2  m2  Ts2  Q2  O2  ®2  L,2  i 

Vps  m3  Ts3  Pa  Q3  <1)3  L,iJ 

The  matrix  of  main  burning  wave  parameters  of  the  base  propellant  has  the  following 
form; 

(  20  0,71  365  10  115  12  -  ^ 

I  50  1,65  442  11  140  68  1,5 1 

UOO  2,31  478  13,7  151  150  0,5j 

Standard  deviations  of  the  obtained  parameters  are  as  follows:  Sm=±5%,  &Ts=±5%, 
Scp=±10%,  aq=+15%,  aQ=±5%,  Stp=±15%,  9L=±15%. 

Mechanisms  of  Catalytic  Actions  in  Propellant  Combustion  Waves 

The  following  catalysts  have  been  studied: 

1.  Fe203  (particles  of  5mkm,  addition  3%  by  weight  above  100%); 

2.  CSCP  (partic.  2-5mkm,  addit.  2%);  3.  l%CSCP+l%soot  (C); 

4.  CSNP  (2-5mkm,  2%);  5.  1%CSNP+1%C;  6.  l%Pb02  (5mkm)+l%C; 

7.  0.7%PbO2+l%C+0.15%SR;  8.  9.1%Pb02+l%C;  9.  l%PbO  (5mkm)+l%C; 

10.  l%PbO+l%NiO  (5mkm)+l%C; 

11.  0.37%PbO+1.5%HCP  (10-20mkm)+0.45%C; 

12.  1.5%PbO+5.5%HCP+2%C; 

Here:  CSCP  is  combined  salts  of  Cu  and  Pb  of  1 ,4-benzoldicarbon  asides, 

CSNP  is  combined  salts  of  Ni  and  Pb  of  1 ,4-benzoldicarbon  asides, 

SR  is  sulphurresorzinate, 

HCP  is  hexanitrocobaltate  of  potassium  -  K3|Co(N02)6]; 

Actions  of  the  catalysts  have  been  described  by  differences  between  the  main 
burning  wave  parameters  of  catalyzed  and  noncatalyzed  propellants.  These  differences 
constitute  block  of  multiparametric  action  of  each  catalyst  and  that  block  (“portrait” 
of  catalyst)  can  be  presented  as  a  special  matrix  having  the  following  form: 

fpi  Ami  ATsi  Api  AQ|  Ad)]  AL,i1 
I P2  Am2  ATs2  AP2  AQ2  A<I>2  AL,2  I 
Lp3  Am3  ATs3  Ap3  AQ3  AOs  AL.sJ 

Here,  for  example.  Ami  is  equal  to  difference  between  mass  burning  rates  of 
catalyzed  and  noncatalyzed  propellants  at  pressure  pj. 

Values  which  lie  within  the  standard  deviations  will  be  designated  by  italic  figures.  It 
is  obvious  that  in  these  cases  only  tendencies  of  the  value  changing  can  be  discussed. 
The  portraits  of  the  studied  catalysts  is  presented  below  in  the  corresponding  sections. 
In  addition  all  the  portraits  are  presented  in  Fig. II. 

1.  Action  of  Fe203  (3%) 

Figs.  1-3  show  the  obtained  averaged  temperature  profiles.  The  portrait  of  Fe203  can 
be  presented  as  follows: 

r  20  0,03  3  15,7  -14,6  20  -  ] 

I  50  -0,33  -20  5,2  -12,3  -4  -0,5 1 
LlOO  0,33  15  -4,1  9,4  -22  0,15j 


{1} 
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It  can  be  seen  that  action  of  Fe203  depends  on  pressure.  At  pressures  20atin  m 
practically  doesn’t  change,  at  50atm  m  decreases  and  at  lOOatin  m  grows  when 
Fe203  is  added.  However  at  20atm  significant  increase  of  q  takes  place  and 
simultaneously  Q  is  reduced  practically  to  the  same  value.  Because  of  that  m  does 
not  change.  Fig.l  shows  that  the  temperature  profile  of  propellant  with  Fe203  is 
much  steeper  inside  the  dark  zone  and  Tj  and  are  much  higher.  The  reason  of  the 
indicated  effect  of  Fe203  on  process  of  burning  is  the  presence  of  carbon  (soot) 
lattice  on  the  surface  which  captures  catalyst  particles  moving  from  the  surface.  Tlie 
capturing  increases  residence  time  of  the  particle  close  to  surface  (this  effect  was 
noted  by  different  investigators).  Tlius  at  20atm  Fe203  particles  catalyse  gas  phase 
reaction  and  inhibit  the  reactions  in  solid.  On  the  contrary  at  lOOatm  (see  {!}) 
Fe203  increases  Q  and  decreases  q.  Carbon  lattice  is  lacking  here  and  particles  of 
Fe203  can  go  off  without  delay.  But  the  action  of  the  particles  on  the  burning  surface 
leads  to  a  significant  additional  heat  release  Q.  Because  of  that  the  increasing  of  m 
takes  place.  Pressure  50atm  presents  intermediate  case:  the  decreased  Q  is  not 
compensated  by  the  increased  q.  Because  of  that  m  diminishes. 

Thus  at  low  pressures  Fe203  acts  in  gas  phase  and  this  action  has  a  weak  influence 
on  m  and  at  elevated  pressures  Fe203  acts  in  solid  (or  on  the  surface)  and  its  action 
increases  m. 

In  [111  no  influence  of  Fe203  on  m  was  established.  Possibly  it  is  a  consequence  of  a 
small  amount  of  addition  (1-1.5%  Fe203)  and  of  absence  of  nitramines  in  that 
double  base  propellant. 

Actions  of  CSCP  and  CSNP  With  and  Without  Soot 

2.  CSCP  (2%);. 

Figs.  1-3  show  the  obtained  averaged  temperature  profiles.  The  portrait  of  CSCP  can 
be  presented  as  follows: 

r  20  0,45  42  2,5  12,2  24  -  1 

I  50  1,07  55  -5,5  24,8  22  0,l  \  {2} 

LlOO  0,66  29  -7,3  17,4  -43  0,25j 

It  can  be  seen  that  2%  CSCP  increases  m,  Ts  and  Q  at  all  pressures  and  it  leads  to 
m  increasing.  Heat  feedback  q  decreases  at  50  and  lOOatm  but  the  decreasing  can 
not  compensate  Q  grow.  The  high  temperature  gas  reactions  are  blown  off  through 
larger  distances  from  the  burning  surface  at  50  and  lOOatm.  Heat  release  rate  <I> 
increases  at  20  and  50atm  and  decreases  at  lOOatm.  The  obtained  results  show  that 
CSCP  acts  at  20atm  in  the  solid  and  in  a  significant  part  of  the  gas  phase,  at  50atm 
it  acts  in  the  solid  and  in  a  thin  gas  layer  close  to  the  surface  and  at  lOOatm  this 
action  occurs  in  solid. 

3.  1%CSCP+1%C. 

The  portrait  of  1%CSCP+1%C  can  be  presented  as  follows: 

r  20  0,03  3  -0,1  1,2  0,5  -  1 

I  50  0,16  9  0,8  2,3  18  0,i\ 

LlOO  0,16  7  1,4  1,0  35  0,lj 


{3} 
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It  can  be  seen  that  substitution  of  1%CSCP  for  1%C  practically  destroys  the  catalytic 
effect  of  the  remaining  part  of  CSCP.  It  is  the  first  observation  of  the  effect  of 
inhibit  action  of  soot  in  Cu-Pb  catalyst.  In  112]  for  propellants  without  nitramines  it 
was  stated  that  large  amount  of  soot  can  act  as  an  inhibitor  but  small  amount  of  soot 
increases  catalytic  activity.  Possibly  tlie  presence  of  nitramines  accounts  for  the  effect 
observed  in  our  work. 

4.  CSNP  (2%); 

Figs.  1-3  show  the  obtained  averaged  temperature  profiles.  The  portrait  of  CSNP  can 
be  presented  as  follows: 

r  20  0,64  57  9  11  60  -  1 

I  50  0,66  36  9,1  3,5  150  -0,35 1  {4} 

LlOO  0,49  22  -3,1  10,8  10  0,15j 

It  can  be  seen  that  CSNP  increases  m  at  all  pressures  and  particularly  notably  at 
20atm  (about  two  times).  It  is  due  to  growth  Q  and  q  at  20  and  50atm  and  due  to 
significant  growth  Q  at  lOOatm  which  compensates  here  decreasing  q.  CSNP 
decreases  L  more  strong  than  CSCP. 

5.  1%CSNP+1%C; 

Figs.  1-3  show  temperature  profiles.  The  portrait  of  1%CSNP+1%C  can  be  presented 
as  follows: 

r  20  0,69  60  7,9  13,1  61  -  1 

I  50  0,66  36  8,7  3,9  148  -0,45l  {5} 

LlOO  0,99  42  -4,6  19,3  36  0,1 5j 

The  substitution  of  1%CSNP  for  1%C  does  not  depress  CSNP  action  at  20  and 
50atm  and  significantly  enhances  the  action  at  lOOatm.  It  is  due  to  Q  increasing. 

Conclusions  About  Actions  CSCP,  CSNP  and  Soot: 

1)  CSCP  and  CSNP  increase  m  of  the  base  propellant,  CSNP  being  more  effective 
at  low  pressures  and  CSCP  more  effective  at  elevated  pressures; 

2)  As  a  rule  CSCP  catalyses  more  effectively  low-temperature  reactions  (on  the 
surface)  and  CSNP  catalyses  more  effectively  high-temperature  reactions  (in  the  gas); 

3)  Tile  substitution  of  1%  catalysts  (CSCP  or  CSNP)  for  1%C  as  a  rule  inhibits 
action  of  CSCP  and  enhances  action  of  CSNP. 

Actions  of  PbOa  With  Soot  and  With  and  Without  SR 

6.  l%Pb02+l%C; 

Figs.  4-6  show  the  obtained  averaged  temperature  profiles.  The  portrait  of 
l%Pb02+l%C  can  be  presented  as  follows: 

r  20  0,115  12  -0,76  5  2  -  1 

I  50  0.41  23  -3  11,2  7  0,25 1  {6} 

LlOO  0  0  18  -18  187  0,2  J 

This  catalyst  increases  m  significantly  only  at  50atm  due  to  increase  Q  (q 
diminishes).  At  lOOatm  m  does  not  change  however  the  temperature  profile  is 
notably  transformed.  Tlie  transfonnation  causes  significant  growth  q  and  decrease  Q; 
in  this  case  the  parameters  have  the  same  values  and  opposite  signs.  The 
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phenomenon  is  named  as  “heat  compensation  effect”  (the  effect  can  exist  in  the 
combustion  waves  not  only  because  of  catalytic  action). 

7.  0.7%PbO2+l%C+0.15%SR; 

Figs.  4-6  show  the  obtained  averaged  temperature  profiles.  The  portrait  of 
0.7%PbO2+l%C+0.15%SR  can  be  presented  as  follows: 

r  20  0,115  12  2,3  1,9  179  -  1 

I  50  0,16  10  7,2  -4,1  60  0,15|  {7} 

LlOO  0,99  50  5,3  9,4  234  0,2j 

The  addition  of  surface-active  substance  SR  causes  more  uniform  distribution  of 
catalytic  particles  in  the  propellant  volume  and  leads  to  improvement  of  the  catalyst 
action  in  the  gas  phase.  Indeed  a  significant  increase  O  takes  place  in  {7}  in 
comparison  with  {6}.  This  increasing  causes  rise  of  q  at  20  and  50atm  and  rise  of  the 
gas  phase  temperature.  However  Q  has  a  week  growth  at  20atm  and  a  tendency  of 
decreasing  at  50atm.  Because  of  that  the  change  of  m  is  small  at  20-50atm  and  only 
at  lOOatm  m  increases  significantly  due  to  growth  Q  (possibly  due  to  a  more  uniform 
distribution  of  catalyst  particles  on  the  surface). 

8.  9.1%Pb02+l%C; 

Figs.  4-6  show  the  averaged  temperature  profiles.  The  portrait  of  9.1%  Pb02+l%C 
can  be  presented  as  follows: 

r  20  0,775  66  12,2  10,9  88  -  1 

I  50  0,99  51  4,1  13,8  138  0,4 1  {8} 

LlOO  0,99  42  5,3  9,4  220  0,lj 

The  increased  addition  of  Pb02  up  to  9%  increases  m  at  the  whole  pressure  region 
(the  increase  is  particularly  notable  at  20atm)  -  due  to  combined  growth  Q  and  q 
(and  O).  Significantly  rises  T|  at  20atm  (till  1500-1600°C).  It  is  interesting  to  note 
that  increasing  m,  q  and  Q  at  lOOatm  in  {8}  are  the  same  as  in  {7}.  It  shows  how  it 
is  important  to  have  the  uniform  distribution  of  catalyst  particles  inside  the 
propellant  volume. 

Conclusions  About  Actions  PbOj>.  Soot  and  SR: 

1)  Small  addition  of  Pb02+C  acts  mainly  in  the  solid  at  20-50atm  and  inside  the  gas 
layer  close  to  the  surface  at  the  elevated  pressures; 

2)  Surface-active  addition  SR  improves  action  of  Pb02+C  in  solid  and  gas  phase 
especially  at  elevated  pressures; 

3)  Large  amount  of  Pb02+C  provides  strong  catalytic  action  in  solid  and  gas  phase. 

Actions  of  PbO  With  Soot,  NiO  and  HCP 

9.  l%PbO+l%C. 

Figs.  7-9  show  the  obtained  averaged  temperature  profiles.  The  portrait  of 
l%PbO+l%C  can  be  presented  as  follows: 

r  20  0,03  3  5,\  -4  1  -  ^ 

I  50  -0,17  -11  2,2  -6,5  -2  0,05\ 

LlOO  1,815  72  0,5  24,7  276  0,3j 


{9} 
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It  can  be  seen  that  at  20  and  50atm  catalyst  does  not  act.  Catalytic  action  is 
observed  only  at  lOOatin  mainly  due  to  Q  increasing.  In  spite  of  O  growth  L 
increases.  The  increase  L  shows  that  strong  blowing  off  of  the  reacting  gas  from  the 
burning  surface  takes  place. 

10.  l%PbO+l%NiO+l%C; 

Figs.  7-9  show  the  obtained  averaged  temperature  profiles.  The  portrait  of 
l%PbO+l%NiO+l%C  can  be  presented  as  follows: 

r  20  0,66  58  13,2  7,1  80  -  1 

I  50  1,65  78  5  22,2  271  -0,02\  {10} 

LlOO  2,65  97  6,1  27,8  690  1,0  J 

The  portrait  shows  that  the  catalyst  doubled  m  at  20-100atm  due  to  significant 
increasing  Q.  Parameter  O  significantly  increases.  However  q  grows  slightly  because 
of  the  above  pointed  effect  of  blowing  off  of  the  reacting  gas  from  the  burning 
surface.  Tliis  effect  leads  even  to  temperature  decrease  in  gas  at  50-100atm  in 
comparison  with  the  temperature  of  the  base  propellant  profiles  and  only  at  20atm 
temperature  profile  above  the  base  profile. 

11.  0.37%PbO+1.5%HCP-l-0.45%C; 

Figs.  7-9  show  the  averaged  temperature  profiles. 

Tire  portrait  of  0.37%PbO-l-1.5%HCP+0.45%C  can  be  presented  as  follows; 

r  20  0,45  42  0,3  14,4  17  -  1 

I  50  0  /  6,7  -6,8  35  -0,35l  {11} 

LlOO  0,99  42  2,7  12  176  0,38j 

It  can  be  seen  that  at  20atm  catalytic  effect  takes  place  due  to  the  increase  of  Q  and 
it  leads  to  m  growing.  At  50atm  the  profile  changes  but  m  does  not  change.  At 
lOOatm  the  joint  increase  of  q  and  Q  lead  to  a  significant  increase  of  m.  At  this 
pressure  in  spite  of  the  growth  of  cp  the  mentioned  above  effect  of  blowing  off  of  the 
gas  phase  takes  place:  see  L  increase  in  {11}  and  gas  temperature  decrease  on  the 
corresponding  profile  in  Fig.9  (in  comparison  with  the  base  temperature  profile). 

12.  1.5%  PbO+5.5%HCP+2%C; 

Figs.  7-9  show  the  obtained  averaged  temperature  profiles. 

The  portrait  of  1.5%PbO+5.5%HCP+2%C  can  be  presented  as  follows: 


r  20 

1,1 

87 

20,3 

10,2 

187 

-  1 

1  50 

3,79 

147 

1,0 

50,2 

575 

-0,75l 

{12} 

LlOO 

4,29 

140 

-4,0 

53 

533 

0,3j 

The  addition  of  this  catalyst  creates  a  fast-rate  propellant.  Indeed  burning  rates 
increase  here  approximate  3  times.  A  very  significant  growth  of  Tg  (90-150K)  takes 
place.  The  heat  release  rate  in  gas  near  surface  O  increases  one  order.  Burning  rate 
m  increases  at  50-100atm  due  to  Q  increasing  only.  At  20atm  growth  of  q  is 
observed  as  well..  A  very  significant  effect  of  blowing  off  of  the  gas  phase  at  elevated 
temperatures  at  lOOatm  is  observed  -  see  increased  L  in  {12}  and  on  the 
corresponding  profile  on  Fig.9. 
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Conclusions  About  Actions  PbO  With  Soot  NiO  and  HCP: 

1)  Additions  of  l%PbO+l%C  and  0.37%PbO+1.5%HCP+0.45%C  increase  burning 
rate  and  can  significantly  catalyse  reactions  in  solid  and  in  gas  only  at  elevated 
pressures  (lOOatm); 

2)  Addition  of  l%Ni  to  the  catalytic  system  l%PbO+l%C  makes  it  most  effective:  it 
can  redouble  burning  rate  due  to  the  reaction  increasing  in  solid  and  gas  phases; 

3)  Addition  of  5.5%HCP  to  the  catalytic  system  1.5%PbO+2%C  greatly  enchances 
its  action  and  creates  a  fast-rate  propellant  due  to  a  significant  increase  of  reactions 
in  solid  and  gas  phases. 

Modes  of  Catalytic  Actions  in  Propellant  Combustion  Waves 

Four  modes  (types)  of  catalytic  actions  in  propellant  combustion  waves  can  be 
identified  on  the  base  of  the  obtained  results:  mode  of  normal  catalytic  action, 
catalytic  mode  of  blowing  off,  catalytic  mode  of  heat  compensation  and  gas  phase 
catalytic  mode. 

Normal  Mode  of  Catalytic  Action 

It  is  a  more  wide-spread  mode  of  catalytic  activity  (12  regimes  from  the  studied  36 
ones).  Significant  increase  of  burning  rate  observed  here  is  mainly  due  to  the  increase 
of  heat  release  in  solid  or  on  the  burning  surface.  Heat  feedback  also  increase  here 
but  2-4  times  less  than  Q.  Tliis  type  of  catalytic  activity  is  nominated  as  “nonnal” 
because  of  the  nonnal  reasoning  that  the  most  effective  place  of  the  catalytic  heat 
release  is  the  burning  surface  (due  to  subsurface  or  on-surface  heat  release).  The 
following  regimes  of  the  studied  propellant  combustion  have  the  normal  mode  of 
catalytic  action  (nominations:  after  the  portrait  number  is  pointed  the  number  of 
pressure  -1  for  20atni,  2  -  for  SOatni,  3  -  for  lOOatm;  for  example  [{12}3]  means  that 
it  is  the  regime  of  combustion  of  propellant  catalysed  by  1.5%PbO+5.5%HCP+2%C 
-  see  portrait  {12}  -  at  pressure  lOOatm): 

[{2}1],  [{4}1],  [{5}1],  [{7}3],  [{8}2],  [{8)3],  [{9)3],  [{10}2],  [{10)3], [{11}!], 
{11}3],  [{12}2]. 

Catalytic  Mode  of  Blowing  Off 

It  is  the  case  of  a  very  high  burning  rate  growth  which  is  caused  exclusively  by  the 
heat  release  Q  in  solid  or  on  the  burning  surface.  Heat  feedback  q  even  decreases  in 
this  case  since  the  acceleration  of  chemical  processes  in  solid  is  much  higher  than  in 
gas  phase.  Because  of  that  accelerating  of  the  solid  gasification  the  gas  phase 
reactions  blow  off  on  a  larger  distances  from  the  burning  surface.  The  additional 
feature  of  the  mode  is  an  elongating  of  the  temperature  profiles.  8  regimes  from  the 
studied  36  ones  have  the  mode  of  blowing  off.  They  are  as  follows: 

[{1)3],  [{2}2],  [{2)3],  [{4}3],  [{5)3],  [{6)1],  [{6}2],  [{12}3]. 

Catalytic  Mode  of  Heat  Compensation 

The  decrease  heat  release  in  solid  is  observed  in  this  mode.  However  heat  feedback 
from  gas  to  solid  increases  and  compensates  this  decreasing.  Burning  rate  does  not 
change  significantly  here.  7  regimes  from  the  studied  36  ones  have  the  catalytic  mode 
of  heat  compensation.  They  are  as  follows: 
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[{1)1],  [{1}2],  [{6}3],  [{7}2],  [{9}1],  [{9}2],  [{11}2]. 

Gas  Phase  Catalytic  Mode 

Increasing  burning  rate  wliich  is  observed  here  owes  its  existence  to  the  fact  that 
mainly  heat  feedback  from  gas  phase  to  solid  increases.  Heat  release  in  solid  can  be 
increased  also  but  it  much  less  than  q.  This  catalytic  mode  exists  as  a  rule  at  low 
pressures  when  carbon  (soot)  lattice  forms  on  the  burning  surface.  5  regimes  from  the 
studied  36  ones  have  the  gas  phase  catalytic  mode.  They  are  as  follows: 

[{4}2],  [{5}2],  [{8}1],  [{10}!],  [{12}!]. 

About  Predictions  of  Catalytic  Actions  in  Propellant  Combustion  Waves 

A  reasonable  assumption  as  to  the  predictions  of  catalytic  actions  in  solid  combustion 
wave  on  the  base  of  obtained  portraits  of  catalysts  can  be  made.  This  assumption 
started  from  the  procedure  which  was  used  for  numerical  simulation  of  the  propellant 
combustion  when  hot  gas  flows  along  the  burning  surface.  Propellant  burning  rates 
and  temperature  profiles  in  erosive  burning  were  calculated  by  using  burning  wave 
parameters  obtained  without  blowing:  functions  O,  Tj  and  Q  were  used  [13,  14]. 
Possibly  a  similar  approach  can  be  used  for  calculations  of  catalytic  actions.  It  is 
necessary  in  tliis  case  to  have  functions  Tj,  Q  and  q  of  the  base  propellant.  The 
numerical  simulation  for  each  catalyst  must  use  the  portrait  of  that  catalyst:  the 
members  of  the  portrait  of  that  catalyst  have  to  be  added  to  the  main  parameters  of 
the  base  propellant  (the  main  parameters  of  the  base  propellant  must  be  obtained 
before).  The  advantage  of  the  suggested  simulation  is  that  one  does  not  have  to  make 
experimental  work. 

Presented  work  was  performed  by  financial  support  of  the  Russian  Found  of 
Fundamental  Investigations,  grant  Ne  97-03-32076a. 
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Fig.  1.  Averaged  temperature  profiles  T(x).  20atm. 
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Fig^2.  Averaged  temperature  profiles  T(x}4  SOatm. 
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Fig. 5.  Averaged  temperature  profiles  T(x).  SOatnn 


Fig.6.  Averaged  temperature  profiles  T(x).  lOOatm 
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Fig. 8.  Averaged  temperature  profiles  l(x).  SOatm 
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Fig. 9.  Averaged  temperature  profiles  T(x).  lOOatm 
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NUMERICAL  MODELLING  OF  CONVECTIVE  COMBUSTION 
TRANSITION  TO  DETONATION 

Alexander  N.  Ischenko.  Jury  P.  Khomenko 

Institute  of  Applied  Mathematics  and  Mechanics  at  Tomsk  State  University 
36  Lenin  pr.,  GSP-14,  Tomsk,  634050,  RUSSIA 

A  new  model  is  proposed  for  the  convective  combustion  of  a  porous  fuel,  which 
incorporates  the  deformation  and  dispersal  of  the  porous  matrix  as  well  as  the 
dissipative  heating.  Parametric  studies  have  been  made  on  the  combustion  of  low- 
porosity  and  granulated  charges.  An  experimental  test  agrees  well  with  the  model 

Convective  combustion  (CC)  in  a  porous  fuel  is  a  mode  of  combustion,  in 
which  forced  gas  combustion  ignites  the  cold  fuel.  The  phenomenon  occurs 
widely.  Practically  all  combustible  porous  materials  bum  on  that  mechanism  at 
elevated  pressures.  Convective  combustion  and  low-velocity  explosive  conversion 
(LVEC)  are  successive  stages  in  the  passage  from  combustion  to  detonation.  It  is 
necessary  to  research  these  processes  to  overcome  anomalous  effects  when  porous 
fuels  are  used  and  to  provide  explosion  safety  in  production. 

A  large  volume  of  experimental  data  on  these  processes  has  been  surveyed  in 
/!/.  Early  attempts  were  made  in  12,  3/  to  give  a  theoretical  interpretation  of 
convective  combustion  from  the  mechanics  of  multiphase  media,  which  were 
extended  in  /4,  5/.  In  existing  models,  it  is  usual  to  describe  the  thermal  and  strain 
states  in  the  matrix  rather  arbitrarily.  One  uses  effective  intergranular  stresses  /4, 
5/,  which  is  not  the  case  for  low-porosity  monoblock  specimens,  since  it  does  not 
enable  one  to  determine  the  amount  of  energy  dissipated  on  deformation  in 
transient  burning  states.  In  /6/,  an  approach  was  used  in  which  the  fuel  is  deformed 
elastically.  Here  we  propose  a  model  for  describing  various  modes  of  convective 
combustion,  particularly  the  transition  to  low-speed  explosive  transformation, 
when  the  fuel  can  be  considered  as  a  viscoplastic  medium. 

The  following  assumptions  are  made.  All  the  pores  are  connected.  As  the 
porosity  increases  to  a  certain  given  value  O,*,  the  skeleton  is  dispersed  into  a  set 
of  identical  particles,  and  the  pressure  in  the  particles  is  taken  as  equal  to  the 
pressure  in  the  gas.  The  pressures  in  the  phases  do  not  coincide  in  the  undispersed 
porous  matrix.  It  is  not  possible  to  consider  the  geometrical  features  of  real  pores, 
so  they  are  replaced  by  effective  cylindrical  channels  with  equivalent  volumes  and 
surfaces.  The  viscosity  and  thermal  conductivity  of  the  gas  are  incorporated  only  in 
the  phase  interaction,  and  then  the  porous  skeleton  is  assumed  to  consist  of 
effective  spherical  particles.  The  combustion  rate  is  considered  stationary  and 
determined  by  combustion  in  a  closed  volume. 

When  the  fuel  moves  through  a  channel  with  a  variable  cross  section,  the 
model  includes  the  following  equations  of  motion,  thermal  conduction  in  the  pore 
wall,  and  closure  formulas: 
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Here  p,  u,  P,  e,  and  T  are  correspondingly  the  density,  velocity,  pressure,  internal 
energy,  and  temperature;  is  the  thermal  component  of  the  fuel's  internal  energy; 
O  -  volume  fraction;  the  stress  on  an  area  normal  to  the  OX  axis; 

component  of  the  stress  tensor  deviator;  and  correspondingly  the 
normal  and  tangential  stresses  on  an  elementary  area  having  normal  n  at  the 
channel  wall;  Rc  channel  radius  in  the  relevant  cross  section;  S  channel  area,  Qd  the 
heat  influx  due  to  energy  dissipation  on  deformation;  v  the  speed  of  the  radial  fuel 
motion  in  unit  cylindrical  pore  in  the  skeleton;  p  dynamic  viscosity,  rj  yield  point 
in  pure  shear;  ri  and  re  the  radii  of  the  effective  cylindrical  pores  and  spherical 
particles;  Ni  number  of  pores  in  unit  cross  section;  Ne  number  of  particles  in  unit 
volume;  T2  the  mean  fuel  temperature;  Q  calorific  value  of  fuel;  z  preexponential 
factor;  Ea  activation  energy;  R  the  gas  constant;  a  covolume;  y  isenfrope 
parameter;  C20  speed  of  sound  in  the  skeleton  in  the  initial  state;  X  thermal 
conductivity;  Re,  Nu,  and  Pr  Reynolds,  Nusselt  and  Prandtl  numbers  for  the  flow; 
Ur  layerwise  combustion  rate;  $,*  specified  porosity;  S^p  and  5^/  specific  surfaces 
of  pores  in  the  undispersed  and  dispersed  skeleton;  tc  mean  value  of  radius  in  an 
individual  cylindrical  pore;  and  b  an  empirical  coefficient.  Subscripts;  /  -  gas,  2  - 
solid  phase,  0  -  initial  state,  x  -  pore  surface. 

Equations  (1)  and  (2)  are  those  of  continuity;  (3)  and  (4)  are  for  momentum 
conservation;  (5)  and  (6)  are  for  energy  conservation  in  the  gas  and  condensed 
phases;  (7)  is  for  conservation  of  the  number  of  pores  in  a  mobile  Lagrange 
particle  of  fuel;  and  (8)  and  (9)  are  the  phase  state  equations.  The  expressions  for 
the  resistance  force  in  a  low-porosity  system  have  been  taken  from  111  (coefficients 
C1-C3),  and  /8/  (coefficients  Q,  C5  -  own  authors  data)  and  for  the  convective  heat 
flux  qi  from  191. 

System  (1)-(19)  is  closed  by  the  equation  for  the  deformation  of  an  effective 
cylindrical  pore  and  by  expressions  for  the  radial  component  of  the  fuel  particle 
velocity  and  the  dissipated  energy: 
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These  formulas  have  been  derived  on  the  assumption  that  the  skeleton 
deformation  in  any  cross  section  is  adequately  described  by  the  deformation  of  an 
individual  pore  in  that  cross  section  and  that  one  can  neglect  the  nondiagonal 
components  in  the  stress  and  strain  rate  tensors.  The  equations  for  the  condensed 
phase  are  written  in  a  local  cylindrical  coordinate  system,  while  the  kinematically 
permissible  motions  are  defined  in  accordance  with  (4).  The  mode  of  deformation 
is  considered  as  highly  viscous,  with  “+”  taken  for  compression  and  -  for 
expansion  in  (20). 

A  similar  technique  has  been  used  in  deriving  (14)  and  (15)  with  the  complex 
motion  in  a  channel  of  variable  cross  section  replaced  by  one-dimensional  motion 
with  averaged  parameters. 

Two  regions  are  distinguished  in  describing  the  temperature  pattern  in  the 
condensed  phase:  boundary  and  main  ones.  The  first  consists  of  a  thin  layer  of  fiiel 
adjoining  the  pore  walls,  in  which  the  temperature  distribution  is  dependent  on  the 
convective  heat  flux  qi  and  is  defined  by  (11).  The  main  one  includes  the  rest  of 
the  fuel,  where  the  effects  of  qi  can  be  neglected.  The  energy-conservation 
equation  for  it  is  taken  as  the  heat  influx  equation  (6).  The  ignition  condition  for 
the  pore  surface  is  7^5  oo . 

This  system  allows  one  to  pass  to  the  limit  0  and  0-  the  first 
case,  one  obtains  the  equations  for  a  continuous  fuel,  and  in  the  second,  for  the 
combustion  products.  This  feature  distinguishes  this  model  from  existing  ones  /4, 
5,  9/  and  enables  one  to  use  it  when  the  pores  collapse  during  deformation,  as  well 
as  to  describe  a  monoblock  with  law  initial  porosity. 

Changes  are  made  in  the  model  after  the  fuel  dispersal,  which  simplify  it 
substantially  and  enable  one  to  avoid  describing  effects  that  are  minor  under  the 
new  conditions.  Instead  of  (6),  one  uses  the  integral  obtained  on  neglecting  the 
dissipation: 

P2=R2{P2lU  +  \f^\  n  =  R2cllr2 

in  which  R2  and  77  are  defined  from  the  condition  that  the  isentrope  passes  through 
the  point  P2,  7?  2  at  the  instant  when  the  given  skeleton  particle  is  dispersed.  We  do 
not  use  the  equations  and  formulas  related  to  the  effective  cylindrical:  pores,  while 
Ne  is  subject  to  the  condition  ri  ^  S/dt  =  0. 

In  a  granulated  medium,  there  are  repacking  effects  in  the  porous  matrix 
around  the  gravimetric  density,  where  the  true  rheology  of  the  skeleton  is  of  minor 
importance.  To  do  this  model  suitable  for  describing  the  states  of  strain  in  granular 
and  powder  systems  it  is  necessary  to  introduce  the  effective  yield  point, 

r|  =  Tsfthj  -$“)/(  1-0") 


(23) 
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which  tends  to  the  true  value  tj  as  the  pores  collapse. 

This  approach  has  been  used  in  researching  the  combustion  of  a  monoblock 
containing  imdispersed  porous  skeleton  in  the  initial  state  and  placed  in  a  rigid 
closed  shell  with  length  Lc-  The  calculations  define  the  main  points  in  the 
combustion,  its  transition  to  detonation  and  the  effects  of  the  initial  parameters  on 
the  general  pattern. 

The  cross-sectional  area  of  the  channel  is  taken  as  fixed,  and  the  following 
initial  and  boundary  conditions  are  defined  for  (1  )-(22): 

/  =  0,  0<x<L^,  2/j=«2=0,  P^=P2=P^ 

Ssp=sIp,  T2=T^ 

x  =  0,  x  =  Lq  :  «i=tt2=0 

r  =  /']  -^  =  aj(7’,  -T2s) 

r  =  ao\T2  =  T2 


entire  nonbuming  matrix,  the  rapid  stress  Fig.  1 .  Distribution  of  parameters  on 
transmission  through  the  skeleton  fi'om  the  length  of  a  charge 
combustion  zone  to  the  nonburning  end  of  the  ig“hion  front,  o  -  dispersion  front 
shell  aind  the  characteristic  combination  of 

initial  matrix  compression  and  subsequent  stretching,  which  ends  with  dispersal 
into  individual  particles,  with  a  wide  zone  of  final  combustion  in  the  dispersed 
mixture. 

The  parametric  studies  showed  that  the  combustion  was  most  sensitive  to  the 
initial  specific  pore  surfaee.  Any  increase  in  this  produced  a  sharp  rise  in  the  rate 
of  gas  input  and  increased  the  rate  of  the  convective  ignition,  while  reducing  the 
predetonation  length. 
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Figure  2  shows  how  the  rheological  characteristics  affect  the  combustion.  An 
increase  in  yield  point  raises  the  stress  level  in  the  skeleton  and  the  pressure  in  the 
gas,  and  also  accentuates  the  matrix  deformation.  As  the  viscosity  falls,  the 
skeleton  compression  front  becomes  narrower,  while  the  stresses  are  reduced  and 
become  localized  near  the  ignition  front. 

The  offered  model  of  CC  allows  to  p,, -a„,  MPa 
describe  transition  of  CC  in  a  mode  LVEC 
and  normal  detonation  /!/.  The  analysis  of 
ignition  prosess  of  a  surface  shows,  that  on  ij/q 
the  initial  stage  of  burning  the  conducting 
mechanism  of  ignition  is  the  outstriping 
filtration  of  hot  products,  then  it  replaces  by 
convective  heat  exchange  with  gas  which  is 
taking  place  in  pores  originally,  and  warming  go 
up  at  the  expense  of  high-speed  friction  and 
shock  compression  /lO/.  After  this  on  the 
foreground  there  is  a  warming  up  for  the  c 
account  of  dissipative  processes  in  a  plastic  Fig.2.  Pressure  and  stress  distributions 
compression  wave  previous  zone  of  CC.  The  along  charge:  =  0  (curves  1  and  3) 
change  of  the  mechanism  means  a  beginning  30  MPa  (curve  2);  Pa  sec 

of  transient  of  CC  to  LVEC.  The  accounts  (curves  ;  and  2)  or 2.5  10^  (curved) 
have  shown,  that  depending  on  a  way  of  the 

description  of  force  interaction  it  can  occur  on  any  other  business.  If  to  use  (17) 


X  10'.m 


Fig.3.  Distribution  of  pressure  and  voltage 
on  length  of  a  charge: 

1  -  calculanion  with  Q-Cj  in  (17); 

2  -  calculanion  with  C'd  from  /2,5  /,  without  Q,  C3. 


with  C4  and  C5,  then  received 
spasmodic  change  of  speed  of  ignition 
with  transition  of  CC  to  LVEC  (fig.3) 
more  than  twice.  At  a  LVEC  stage 
UiGN  varies  poorly,  in  a  range  1100- 
1250  m/s.  Thus,  the  wave,  illustrated 
by  fig.l  is  distributed  on  the  fuel.  The 
structure  of  pressure  at  the  front  has 
the  brightly  expressed  triangular  kind. 
Length  wave  from  '  a  point  of 
deformation  beginning  before 
complete  burning  out  of  fuel  makes 
about  20  cm.  This  size,  certainly, 
varies  depending  on  the  initial 
characteristics  of  a  charge.  If  to  use 
the  traditional  formulas  with  only  C;  - 
C3  from  (17)  /2,5/  then  transition 
occurs  smoothly,  without  jumps,  and 
the  UiGN  meanings  appreciably 
distinguish  from  the  first  case  (up  to 


25%).  This  fact  gives  basic 


importance  to  use  of  authentic  dependences  for  F  in  the  description  of  transients. 
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On  fig.4  are  given  x-t  diagram  of  a  front  ignition  situation  and  point  of  the 

maximal  plastic  deformations, 
where  greatest  dissipative 
warming  up  is  observed.  Up  to 
section  x  =  20  cm  the  front  of 
ignition  lags  behind  a  plastic 
wave,  and  after  it  outstrips  it  a 
little.  This  point  corresponds  to 
jump  on  fig.3,  that  confirms 
change  of  the  mechanism  of 
ignition.  The  similar  type  of 
transition  CC  to  LVEC  is 
described  in /1, 5/. 

We  calculated  the 
combustion  in  a  granular  charge 
with  poured  density  in  a  closed 
shell  under  the  conditions 
described  in  /ll/  to  illustrate  the 
performance  in  describing 
transient  processes,  where  we 
used  the  (23)  effective  yield  point. 

Figure  5  shows  the  ignition  rate  distribution  for  the  pore  surfaces  along  the 
charge.  The  Uign(x)  curve  has  several  characteristic  parts,  which  are  commonly 
observed  by  experiment:  AB,  developed  ^ 
convective  combustion;  BC,  stabilized 
convective  combustion,  where  Uign 
varies  only  slightly  (within  5%);  and  DE, 
low-speed  explosive  conversion.  The 
stabilized  state  is  maintained  by  the  ^qq 
pressure  rise  in  the  combustion  zone  and 
the  compensating  increase  in  resistance 
in  the  porous  skeleton.  Then  Ujgn  in  that 
period  is  460  m/sec.  The  corresponding 
value  in  the  experiment  was  430  m/sec  ^ 

/ll/.  The  stabilized  combustion  length 
also  correlated  with  the  experimental 
value. 

The  transition  to  low-speed  explosive  transformation  is  characterized  by  a 
step  in  UiGN  to  1480  m/sec  (1400  m/sec  in  the  experiment).  The  ignition  rate 
subsequently  varies  only  slightly.  The  point  for  the  start  of  the  transition  is  a  head 
of  the  ignition  front.  The  porosity  near  it  is  ~3%.  At  the  time  of  transition,  there  is 
a  change  in  the  ignition  mechanism  from  convective  heat  transfer  to  ignition  by 
viscoplastic  heating  of  the  skeleton-ahead  of  the  combustion  zone. 

On  fig.  6  the  comparison  curve  {//gv  (x-)  of  different  limits  of  fluidity  of  fuel  is 
given.  The  tendency  is  revealed,  according  to  which,  with  increase,  length  of  a 


? 
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I  I  I  I  I 

4  6  IZ  IB 


Fig.5.  Ignition-rate  distribution 


0,6  0,7  0,8  0,9  1,0 

t10^  S 

Fig.4.  A  trajectory  of  ignition  waves 
and  point  of  the  maximal  plastic 
deformations: 

I  -  plastic  wave;  2  -  wave  of  ignition 
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predetonation  site  of  burning  is  reduced,  and,  than  it  is  less,  especially  delay  the 
stabilized  site  of  CC  and  stronger  jump  of  speed  of  ignition  is  expressed  with 


x10^  m 


Fig.6,  Distribution  of  ignition  speed  on 
length  of  a  charge: 
r,  =  50  (/),  MPa  (2) 


0  10  20  30  40 


X  10^  M 

Fig.  7.  Influence  of  initial  porosity  on 
distribution  of  ignition  speed  on  length 

of  a  charge:  O?  =0,2  (7),  0,3  (2),  0,4(i) 


transition  of  CC  to  LVEC.  After  transition  at  fuel  with  small  the  LVEC  speed  is 
little  bit  higher.  Apparently,  it  is  because  the  process  is  distributed  on  more 
compressed  and  dense  environment. 

Fig.7  illustrates  change  of  ignition  200 
character  depending  on  initial  porosity  y  .|q-i 
of  a  sample.  With  downturn  O,  from 
0.4  up  to  0.2  lengths  of  a  predetonation  150 
site  is  reduced,  the  mode  of  stabilized 
CC  disappears,  and  the  speed  of 
ignition  on  a  LVEC  site  is  essentially  100 
increased  (up  to  40  %). 

Change  of  an  initial  specific 
surface  (fig.8)  has  an  similary  effect.  In 
a  range 

<I)f<0.3  4>40c/«-'  q 

CC  practically  at  once  after  •  ^ 

ignition  is  brokeii  in  LVEC.  The  Fig.8.  Influence  of  an  initial  specific  lore"" 

structure  similar  shown  on  fig.  1,  is  surface  on  distribution  of  ignition  speed  on 

distributed  on  whole  length  of  a  charge  length  of  a  charge: 
with  poorly  growthing  speed.  Near  to  sl=  80  (7),  42  (2).  20  cm’’  (3) 
the  bottom  the  wave  speed  is  increased 

because  of  general  pressing  and  increase  of  average  density  of  environment. 

The  main  results  are  that  we  have  a  new  model  for  the  combustion  of  a  porous 
fuel,  in  which  one  can  describe  the  transition  from  combustion  to  detonation.  The 
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theoretical  studies  have  been  made  on  the  convective  combustion  of  low-porosity 
monoblocks  and  poured  charges  in  closed  volumes.  The  results  agree  well  with  the 
available  experimental  evidence. 
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ABSTRACT 

The  problem  of  ash  coal  combustion  has  a  special  significance,  as  in  present  time  there  is  a 
change  for  the  worse  in  extracted  coals  quality  observed.  It  is  especially  difficult  to  reach  high 
levels  of  char  conversion  in  case  of  low  ash  fusion  temperature.  In  a  burning  process  ash  is  able  to 
cover  a  surface  of  the  coal  particle  and  act  as  a  diffusion  barrier  for  oxygen  (particularly  liquid  ash). 

A  model  is  presented  to  describe  spherical  ash  coal  particle  combustion  in  quiescent  oxidizing 
gas  and  reveal  the  main  factors  of  an  ash  influence  on  this  process.  Systeiii  behavior  was 
determined  by  equations  of  heat  and  mass  balances.  Heat  was  released  by  two  parallel 
heterogeneous  carbon-oxygen  first  order  chemical  reactions 

1.  C+02=C02 

2.  2C+02=2C0 

Mass  balance  equation  described  the  rate  alteration  of  the  coal  particle  weight  loss. 
Assumption  of  quasi-steady  oxygen  diffusion  towards  the  char  particle  surface  from  ambient 
oxidizing  gas  was  used.  Also  the  oxidant  diffusion  through  the  ash  layer  and  its  dependence  from  an 
ash  aggregative  state  was  taken  into  account. 

The  equations  system  was  solved  numerically.  Calculated  temperature  dynamics  of  burning 
particle  is  in  agreement  with  the  measurement  of  Robert  H.  Hurt,  where  combustion  of  «200pm 
Illinois  #6  coal  particle  in  6  mole-%  oxygen  at  a  steady  gas  temperature  of  1250  K  were  studied. 

Obtained  results  analysis  demonstrates  that  a  fusibility  of  the  inorganic  matter  is  one  of  the 
most  significant  ash  coal  characteristics.  High-fusing  ash  has  a  weak  influence  on  the  conversion 
dynamics  and  burning  time  of  an  ash  coal  in  the  comparison  with  an  ash  free  coal.  In  such  case  an 
ash  can  be  considered  as  a  thermal  dead  matter.  The  qualitative  change  of  an  ash  coal  combustion 
mechanism  is  able  to  appear  if  the  temperatures  reached  in  the  combustion  process  exceed  the  ash 
fusing  temperature  even  under  the  relatively  low  inorganic  matter  fraction  (A=ll%).  That,  in  its 
turn,  leads  not  only  to  considerable  increasing  of  the  particles  burning  times  but  to  appearance  of 
the  qualitatively  new,  with  extreme,  dependences  of  the  burning  time  as  a  function  the  coal  particle 
initial  size  and  oxidizer  mass  fraction. 

It  seems  to  be  very  significant  for  a  practice  of  ash  coal  combustion. 

INTRODUCTION 

Study  of  ash  coal  combustion  problem  is  important  both  for  expansion  of  the  fundamental 
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knowledge  about  possible  regimes  of  char  burning  and  for  elucidation  of  the  profitable  conditions 
of  low  quality  coal  use  in  furnaces.  In  present  time  carbon  conversion  of  90%  and  more  are 
typically  required  for  the  economic  operation  of  pulverized  coal-fired  boilers.  Last  years  there  was 
a  change  for  the  worse  of  extracted  chars  quality  observed.  It  is  connected  with  coal  inorganic 
inclusions  quantity  increase. 

On  early  stages  of  char  burning  its  mineral  components  form  ash.  Further  coal  conversion 
depends  on  ash  physical  and  chemical  properties  such  as  fiisibility,  porosity  and  so  on.  It  is 
naturally  to  expect  that  the  influence  of  an  ash  is  connected  to  the  next  factors. 

Part  of  the  heat  produced  in  chemical  reactions  warms  the  ash.  This  heat  loss  grows  with  the 
increase  of  an  ash  quantity. 

Mineral  components  presence  leads  to  exception  of  certain  coal  particle  surface  from  the 
reaction  process.  That  reduces  the  macroscopic  rate  of  char  oxidation. 

Especially  it  is  important  in  case  of  the  low  ash-fusion  temperature.  Liquid  ash  layer  on  the 
coal  particle  surface  acts  as  a  diffusion  barrier  for  the  oxygen.  It  is  a  very  difficult  condition  for 
oxidizer  diffusion.  As  a  result  total  carbon  oxidation  rate  and  coal  conversion  level  decrease  and 
the  time  required  for  the  full  carbon  conversion  increases.  Therefore  ash-fusion  temperature  value  is 
one  of  the  important  char  ash  characteristic. 

Properties  and  conversion  process  of  chars  were  studied  during  many  years  but  mineral 
inclusions  influence  has  been  examined  insufficiently  wide. 

Previous  works 

Theoretical  research  of  ash  influence  on  coal  particle  combustion  was  conducted  by  Vulis  and 
Frank-Kameneckii  [1-3].  They  took  into  account  difrusion  resistance  of  the  solid  ash  cover  to  the 
oxygen  flux  flowing  towards  the  reaction  surface  and  showed  that  it  is  possible  to  neglect  solid  ash 
layer  influence  in  such  case. 

Ash  coal  bed  burning  was  studied  by  Kantorovich  [4].  In  his  model  an  ash  of  the  consumed 
coal  occupies  places  between  char  particles.  It  leads  to  decrease  of  the  oxidant  diffusion  rate  and 
specific  reaction  surface. 

The  theoretical  and  experimental  researches  of  the  ash-rich  coal  burning  were  done  by  Kiro 
and  coauthors  [5].  In  that  paper  it  was  shown  that  an  ash  can  has  a  fatal  influence  on  char 
conversion  and  confirmed  the  possibility  of  the  different  regimes  of  an  ash  coal  ignition  in 
dependence  of  an  ash  content  and  aggregative  state. 

Enumerated  studies  did  not  take  into  account  ash  layer  formation  stage  and  change  of  its 
aggregative  state.  Also  inorganic  inclusions  size  influence  on  the  coal  conversion  process  was  not 
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examined. 

Suggested  model  takes  into  account  influence  of  the  inorganic  inclusions  size  and  ash 
aggregative  state  alteration  in  the  time  of  char  conversion. 

BACKGROUND 

Qualitative  and  quantitative  composition  of  the  coal  inorganic  inclusions  is  highly  wide  and 
different  for  various  chars.  However  there  is  a  certain  correlation.  In  the  main  char  ash  consists  of 
the  metal  oxides  [8-12].  It  has  following  typical  composition:  Si02  40-60%,  AI2O3  20-60%,  Fe203 
5-25%,  CaO  1-15%,  MgO  0.5-4%,  Na20+K20  1-4%.  Ash  fusion  temperature  depends  on  ash 
composition.  It  can  be  evaluated  by  the  next  expression  [10]: 

SiO^  ^^2^^ 

CaO+MgO+Fefi^ 

here  chemical  formula  of  each  substance  implies  mass  fraction  of  its  material  in  ash.  Ash  fusion 
temperature  grows  with  increase  of  the  above  expression.  According  to  [10-12]  the  range  of  the 
inorganic  inclusions  particles  size  is  from  0.01pm  to  1mm  except  partings,  which  have  much  more 
sizes.  It  is  very  difficult  to  find  a  connection  between  definite  ash  chemical  substance  and  its 
particles  size.  Probably  it  can  be  explained  by  characteristic  conditions  of  coals  formation  different 
for  each  coalfield. 

Analytical  model 

Spherical  ash  coal  particle  of  radius  r  burning  in  a  quiescent  oxidant-inert  mixture  is 
considered.  Oxygen  is  assumed  to  diffuse  quasi-steady  towards  the  surface  of  the  coal  particle  and 
react  heterogeneously  with  the  carbon  to  form  gaseous  products,  which  diffuse  outwards  without 
any  further  reaction.  Also  it  is  assumed  that: 

Oxygen  reacts  with  the  carbon  only  by  the  parallel  reactions  of  the  first  order 


C+O2— CO2 
2C+02=2C0 

Homogeneous  reactions,  volatile  and  moisture  release,  possible  catalytic  effects  of  an  ash  are 
not  considered  in  present  paper. 
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Ambient  gas  has  a  constant  temperature  Tg,  density  pg  and  oxidant  mole  fraction  Coo. 

The  particle  is  isothermal  at  its  surface  temperature  T.  This  is  reasonable  for  small  particles  or 
for  particle  having  a  high  thermal  conductivity. 

Transfer  coefficients:  thermal  conductivity  X  and  diffiisivity  D,  as  well  as  ambient  gas  density 
Pg  have  the  next  temperature  dependences:  A.=Xo(T*/To)®  75^  D=Do(T*/To)'  '75^  Pg=Pgo(To/T*),  here 
Xo,  Do  and  pgo  were  determined  under  temperature  To;  T*  -  arithmetic  average  between  coal  particle 
temperature  T  and  gas  temperature  Tg. 

Heat  capacities  of  the  coal  particle  and  gas  are  constant.  Carbon  and  ash  heat  capacities  are 

equal. 

Ash  particles  are  spherical  with  radius  rz.  They  distributed  uniformly  inside  coal  particle. 
These  assumptions  are  based  on  the  experimental  data  [9,12,15]. 

Ash  and  coal  densities  are  equal.  In  that  case  inorganic  inclusions  mass  fraction 
A=mz/(mz+mc)  is  equal  to  an  ash  volume  fraction  which  can  be  find  by  the  same  way.  mz,  me  - 
ash  and  carbon  masses  of  a  coal  particle. 

Ash  particles  accumulate  and  cover  reaction  surface  as  coal  particle  burning.  A  ratio  of  the 
surface  area  covered  by  inorganic  substance  to  the  total  coal  particle  surface  area  is  z.  When  z  value 
is  1  all  reaction  surface  covered  by  ash  layer. 

Considering  all  assumptions  the  energy  balance  at  the  coal  particle  surface  is 

-  AXk,q,  +  ■  (l - z)  +  c\  ■z\p^-- 

-  27uNu{r  +  h){T- T^)  -  An:{r  +  hfc7{e^{\  -z)  +  s^z]{T'^  -T^) 


where  Cp  is  the  coal  heat  capacity,  h  is  the  thickness  of  ash  layer,  Nu=2. 
The  carbon  weight  loss  equation  is 


dm 

dt 


=  -A7rr'^{\- A){k^v^+k2V2){c\  •{\-z)  +  c\  ■z]p 


o. 


Or, 


where  m  is  the  coal  particle  mass.  According  to  the  geometrical  considerations: 
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z=  A{rl  -r^')! 4r 

Considering  quasi-steady  diffusion  of  the  oxidizer  its  mass  fraction  on  the  clean  char  surface 
is 

^1  _  _ C*oo _ 

And  oxidant  mass  fraction  on  the  coal  particle  surface  under  ash  layer  is 

^2  _  _ Coo _ 

^2  [K+k2^\- A){^  +  j^)  +  jj^^ 

here  x=Dz/h  -  oxygen  diffusion  rate  through  ash  layer  [1,2],  Diffusion  coefficient  Dz  magnitude 
does  not  depend  on  ash  chemical  composition.  It  determined  by  ash  cover  aggregative  state 

Dz=fiD  for  solid  ash  layer, 

Dz=D*exp(-Ez/(RT))  for  liquid  ash  layer, 

here  fi  is  the  porosity  of  the  ash  cover,  D*  -  preexponential  factor,  Ez  -  activation  energy  of  the 
oxidant  diffusion  through  the  liquid  ash  layer. 

An  ash  is  considered  as  a  high-fusing  (HFA)  when  the  char  burning  temperature  during 
combustion  does  not  overhead  the  ash  fusion  temperature.  There  are  two  possible  variants  in  that 
case:  a)  ash  particles,  which  appear  on  the  coal  surface,  do  not  accumulate  on  it;  definite  part  of  the 
reaction  surface  is  covered  by  ash  and  b)  solid  ash  accumulates  on  the  coal  surface.  Thus  oxygen 
must  to  diffuse  to  the  char  through  a  porous  ash  layer  which  covers  the  definite  part  of  the  reaction 
surface. 

Ash  is  considered  as  low  fusing  (LFA)  when  the  char  particle  burning  temperature  overheads 
the  ash  fusion  temperature.  In  that  case  ash  accumulates  and  can  form  a  liquid  layer  on  the  coal 
surface. 
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Moreover,  the  equations  system  gives  a  possibility  to  obtain  solution  for  the  limit  case  of  an 
ash  free  coal. 


DESCUSSION 

Above  equations  system  was  solved  numerically.  All  values  of  parameters  were  taken  from 
[5],  [13]. On  the  first  stage  of  the  research  calculations  were  aimed  on  the  comparison  of  the 
obtained  solutions  for  the  temperature  dynamics  with  the  experimental  data  [14]. 

Figure  1  shows  the  calculated  temperature  dynamics  for  three  above-mentioned  variants.  Here 
the  experimental  dependence  [14]  is  also  presented  and  as  it  is  emphasized  by  author  it  was 
observed  in  experiment  that  "...a  period  of  bright  incandescence  from  0.8  to  1.2  seconds,  followed 
by  a  relatively  abrupt  drop  in  temperature  of  125  K  and  a  long,  slow,  nearly-isothermal,  final 
burnout  to  a  carbon-free  ash  particle."  It  could  be  seen  from  the  figure  that  calculations  give  the 
similar  result  only  in  case  of  the  fusible  ash.  In  works  [14-18]  authors  did  not  give  the  ash  fusion 
temperature  value  of  the  Illinois  #6  coal.  But  captive  particle  images  for  a  typical  Illinois  #6  coal 
char  particle  surface  [15]  testify  that  an  ash  is  able  to  stay  on  the  char  particle  surface  and  to  form 
fused  framework. 

It  is  necessary  to  note  that  given  experimental  temperatures  [14]  are  radiance  but  not  true 
temperatures.  However,  it  is  not  essential  for  the  behavior  comparison  of  the  calculated  coal  particle 
temperature  dynamics  with  the  measured  one.  Experimental  temperature  increase  rate  is  less  than 
calculated  one.  It  can  be  explained  by  the  volatile  and  moisture  release  influence,  which  detains 
ignition  process. 

That  comparison  testifies  the  LFA  release  can  lead  to  the  thermal  extinction  and  increase  of 
the  complete  burning  time.  Presented  model  is  able  to  consider  it. 

On  the  next  stage  of  the  present  work  the  burning  times  of  an  ash  coal  as  a  function  of  the 
particle  and  environment  parameters  were  investigated  (the  conversion  level  was  set  as  99%). 

Figure  2  presents  the  characteristic  burning  time  (tb/ro^)  dependence  on  the  initial  radius  of  the 
ash  coal  particle  for  different  assumptions  about  aggregative  state  of  the  ash  (curves  1-3).  As  it  can 
be  seen,  the  ash  fusing  possibility  leads  to  abrupt  increasing  of  the  burning  times  in  comparison 
with  the  HFA  cases.  The  results  for  HFA  coal  particles  (curves  1,2)  with  sizes  more  than  100  pm 
indicate  the  diffusion  control  of  the  burning  rate:  characteristic  burning  time  value  is  practically 
constant.  Influence  of  the  kinetics  for  the  smaller  particles  size  is  displayed  by  some  increase  of  the 
tb/ro^  values.  The  behavior  of  the  curve  3  for  a  LFA  does  not  allow  to  determine  the  leading 
mechanism  of  such  coal  combustion  and  demonstrates  that  the  diffusion  barrier  of  the  liquid  ash 
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layer  strongly  reduces  the  macroscopic  reaction  rate  in  all  investigated  particles  sizes  range. 

It  is  interesting  to  compare  the  burning  time  of  an  ash  coal  with  the  one's  of  an  ash-free  coal. 
Figure  3  shows  these  times  ratio  as  a  function  of  the  initial  particle  size.  For  a  LFA  the  ratio  exceed 
3  and  has  an  extreme  (curve  3)  where  as  for  a  HFA  (curves  1,2)  they  are  close  to  1  and  slightly 
decrease  with  a  particle  size  increasing.  Curve  3'  obtained  for  a  LFA  without  the  radiation  heat 
losses  accounting  is  presented  to  explain  above-mentioned  extreme.  Radiation  heat  losses  hinder  the 
surface  coal  particle  temperature  growing  above  the  ash  fusion  temperature.  It  leads  to  decrease  of 
the  particle  surface  fraction  covered  by  a  liquid  ash  layer  for  the  coal  particles  which  radius  is  more 
than  75  pm  and  as  a  result  to  the  burning  times  decrease. 

Figure  4  shows  the  burning  time  as  a  function  of  the  oxygen  mass  fraction.  Curves  1  and  2  for 
the  HFA  represent  a  typical  for  the  heterogeneous  combustion  decreasing  dependence  of  a  burning 
time  under  oxidizer  mass  fraction  growth.  Otherwise,  the  dependence  for  a  LFA  (curve  3)  has  a 
minimum.  Fact  of  the  burning  time  increase  for  the  oxygen  mass  fraction  greater  than  10  %  can  be 
explained  by  the  above  mentioned  influence  mechanism  of  the  correlation  between  the  maximum 
particle  surface  temperature  reached  in  the  combustion  process  and  the  ash  fusion  temperature 
value. 


CONCLUSION 

Presented  above  results  make  it  possible  to  conclude  that  fiisibility  of  the  inorganic  matter  is 
one  of  the  most  significant  ash  coal  characteristics.  HFA  has  a  weak  influence  on  the  conversion 
dynamics  and  burning  time  of  an  ash  coal  in  the  comparison  with  the  ash  free  coal.  In  such  case  an 
ash  can  be  considered  as  a  thermal  dead  matter.  The  qualitative  change  of  an  ash  coal  combustion 
mechanism  is  able  to  appear  if  the  temperatures  reached  in  the  combustion  process  exceed  the  ash 
Rising  temperature  even  under  the  relatively  low  inorganic  matter  fraction  (A=ll%).  That,  in  its 
turn,  leads  not  only  to  considerable  increasing  of  the  particles  burning  times  but  to  appearance  of 
the  qualitatively  new,  with  extreme,  dependences  of  the  burning  time  as  a  function  the  coal  particle 
initial  size  and  oxidizer  mass  fraction. 

It  seems  to  be  very  significant  for  the  practice  of  ash  coal  combustion. 
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NOMENCLATURE 


T  -coal  particle  temperature,  K 

Tg  -gas  temperature,  K 

M  -coal  particle  mass,  g 

r  -coal  particle  radius,  cm 

ro  -coal  particle  initial  radius,  cm 

Tz  -ash  particle  radius,  cm 

t  -time,  s 

tb  -complete  burning  time,  s 

tbaf  -complete  burning  time  of  an  ash  free  coal,  s 
A  -ash  content 

H  -ash  layer  thickness,  cm 

Z  -fraction  of  the  reaction  surface  area  covered  by  ash 
Cm  -ambient  gas  oxidant  mole  fraction 

C'oj  -oxidant  mole  fraction  on  clean  coal  surface 
C“oj  -mole  fraction  on  coal  surface  covered  by  ash 

Vi  -stoichiometric  coefficients 

ki  -reaction  rate  coefficients,  cm/s 

Ei  -activation  energy,  cal/mole 

Qi  -heat  release  by  i  reaction,  cal/g  of  carbon 

X  -thermal  conductivity  of  gas,  cal/(cmsK) 

Cp  -coal  heat  capacity,  cal/(gK) 

D  -gas  diffusion  coefficient,  cm2/s 

Dz  -coefficient  of  gas  diffusion  through  ash  layer,  cm2/s 

Ec  -carbon  emissivity 

Sa  -ash  emissivity 

Tm  =300  K 

£l  -ash  layer  porosity 

D*,Ez-preexponential  factor  and  activation  energy  of  the  oxygen  diffusion  through  the  liquid  ash 
layer 
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FIGURE  CAPTIONS 


Figure  1. 

Calculated  temperature  dynamics  of  the  coal  particle  combustion.  Tg=1250K,  Coo=6  mole-%, 
ro=100pm,  rz=0.5pm,  A=ll%,  Sc=0,78,  Sa=0.4.  (•)-  experiment  [14],  1  -  LFA,  2  -  HFA  leaves  coal 
particle,  3  -  HFA  covers  coal  particle. 


Figure  2. 

Characteristic  time  (tb/ro^)  vs  initial  coal  particle  radius.  Tg=1250K,  Coo=6  mole-%,  rz=0.5|tm, 
A=1 1%,  8c=0.78,  Sa=0.4.  1  -  HFA  leaves  coal  particle,  2  -  HFA  covers  coal  particle,  3  -  LFA. 

Figure  3. 

Relative  burning  time  (tb/tbaf)  vs  initial  coal  particle  radius.  Tg=1250K,  Coo=6  mole-%,  rz=0.5|am, 
A=1 1%,  Sc=0.78,  Ea=0.4.  1  -  HFA  leaves  coal  particle,  2  -  HFA  covers  coal  particle,  3  -  LFA,  3'  - 
LFA,  radiation  heat  losses  absence. 

Figure  4. 

Burning  time  vs  oxygen  mass  fraction.  Tg=1250K,  ro=100pm,  rz=0.5pm,  A=ll%,  Sc=0.78,  ea=0.4. 
1  -  HFA  leaves  coal  particle,  2  -  HFA  covers  coal  particle,  3  -  LFA. 
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Abstract 

A  transducer  of  the  reactive  force  of  the  combustion  products  was  used  to  study 
experimentally  the  peculiarities  of  combustion  of  RDX  and  HMX  in  the  range  of  1-4  atm.  It  has 
been  established  that  at  atmospheric  pressure  in  addition  to  the  usually  recorded  flame 
combustion  regime,  RDX  has  the  regime  of  flameless  gasification  under  irradiation.  Both  of  the 
regimes  are  followed  by  high-frequency  oscillations  in  the  reactive  force  exceeding  600  Hz.  The 
source  of  these  oscillations  is  assumed  to  be  the  process  of  boiling  and  rupture  of  bubbles  at  the 
surface. 

It  has  been  established  that  in  the  pressure  range  of  1-3  atm  the  HMX  combustion  has 
pronounced  auto  oscillating  character.  Under  harmonically  modulated  radiant  flux  the  response 
of  reactive  force  for  HMX  displays  the  resonanee  charaeter.  Even  at  small  modulation  depths  the 
character  of  this  response  is  nonlinear. 

For  both  HMX  and  RDX  the  dependencies  of  the  steady-state  burning  rate  on  initial 
temperature  and  on  external  radiant  flux  have  been  determined. 


Introduction 

The  detailed  models  available  in  the  literature  [1-3]  for  describing  steady-state 
combustion  of  the  simplest  monopropellant  -  cyclic  nitramines,  contain  a  great  number  of 
matching  parameters.  The  verification  and  justification  of  combustion  models  are 
commonly  performed  by  comparing  with  the  experimental  data  on  the  dependence  of 
steady-state  burning  rate  on  the  initial  temperature  and  pressure.  As  mentioned  eeulier  [4], 
this  approach  fails  to  provide  the  reliability  of  verification  due  to  large  "flexibility"  of 
theoretical  descriptions  due  to  existence  of  numerous  of  matching  parameters.  In  this 
connection,  of  importance  are  the  experimental  results  for  nonsteady-state  combustion 
which  make  it  possible  to  compare  adequately  the  theory  with  experiment  because  they 
correspond  to  a  variety  of  combustion  conditions. 

One  of  the  types  of  nonsteady-state  combustion  is  the  regime  of  self-sustaining 
combustion  near  the  stability  limit  of  steady-state  combustion.  It  is  known  that  small 
perturbations  near  the  stability  limit  give  rise  to  the  undamped  oscillations  of  the  burning 
rate  which  become  nonlinear  with  distance  from  the  limit  [5].  The  experimentally 
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observed  pulsations  of  either  temperature  or  component  concentration  in  the  gas  phase 
performed  by  local  measuring  at  a  point  using  microthermocouples  or  microprobes,  in 
most  cases  cannot  be  identified  with  predicted  by  theory  periodical  oscillations  of  the 
burning  rate  and  are  determined  by  predominantly  either  micro  inhomogeneities  in  the 
composition  of  condensed  substances  or  the  formation  of  gas  bubbles  in  the  surface  layer. 
We  may  mention  only  one  reliable  fact  [6]  of  revealing  oscillations  of  the  huming  rate  of 
the  catalyzed  double  base  propellant  in  the  self-sustaining  combustion  regime. 

This  report  gives  the  results  of  a  study  of  RDX  and  HMX  combustion  in  self- 
sustaining  regime  and  under  the  action  of  periodical  changes  in  the  external  radiation  flux. 

Preparation  of  samples 

In  experiments  we  used  cylindrical  samples  with  length  0.6-0.8  cm  and  diameter 
0.8,1  and  1.6  cm  pressed  at  a  pressure  of  5000-6000  kg/cm^  The  density  of  pressed 
specimens  reached  95%  of  crystal  density. 

To  decrease  transparency  of  material  and  reflection  of  radiant  energy  fi-om  the 
sample  surface  we  added  0.5%  of  fine-dispersed  carbon  black  (CB).  According  to  special 
tests,  the  addition  of  CB  up  to  3%  fails  to  change  the  combustion  behavior  and  burning 
rate  of  RDX  and  HMX.  We  used  three  sources  of  radiant  energy:  C02-laser  with  a 
wavelength  of  10.6  (xm,  Nd:YAG  -  laser  with  a  wavelength  of  1.06  pm  and  Xenon  lamp 
with  emissivity  spectrum  in  the  range  of  wavelengths  0.2-1 .4  pm.  A  set-up  with  Nd;  YAG 
-  laser  has  been  used  to  perform  the  programmed  control  over  the  radiation  power.  We 
used  the  sinusoidal  and  step-wise  changes  in  the  flux  recording  simultaneously  the 
reactive  force  of  flowing  combustion  products  and  the  signal  of  photodiode  that  measures 
the  integral  flame  radiation.  To  provide  one-dimensional  flow  of  gaseous  combustion 
products  the  specimens  were  tightly  inserted  into  protecting  tube  of  quartz  that  also 
served  as  inhibition  of  lateral  surface.  In  some  experiments  we  recorded  the  temperature 
profile  by  means  of  a  WRe  20/  WRe  5  thermocouple  made  of  wires  of  50  and  150  pm 
diameter.  The  reactive  force  F  is  related  to  the  burning  rate  r^,  via  the  expression  below 
(if  the  frequency  of  the  burning  rate  oscillations  does  not  exceed  100-150  Hz): 

F  =  {po  rb)^/pg 
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where  is  the  propellant  density;  Pq  is  the  density  of  gaseous  combustion  products.  The 
method  of  investigation  is  described  in  [6-8]. 

Preliminary  experiments 

In  a  special  series  of  experiments  the  samples  were  pressed  by  a  pressure  of  1500 
and  3000  kg/cm^  In  this  case,  the  sample  density  reached  0.88-0.9  of  the  erystal  one.  The 
difference  from  the  mtiximum  value  (pressing  at  5000-6000  kg/cm^)  amounts  to  5-6%. 
When  the  relative  density  varies  within  the  range  of  0.88-0.95,  the  burning  rate  remains 
constant. 

In  a  series  of  experiments  we  tested  the  influence  of  inhibition  layer  material  on 
the  character  of  combustion  behavior.  It  was  revealed  that  the  character  of  RDX 
combustion  is  actually  independent  of  the  inhibitor  type.  HMX  is  more  sensitive  to  the 
type  of  inhibitor.  When  the  inhibition  layer  is  combustible  (glue,  iditol,  shellac),  the  pilot 
flame  originates  at  the  edge  of  the  sample  and  the  character  of  HMX  combustion  changes. 
For  the  main  series  of  experiments,  as  inhibition  material,  we  used  both  linoleum  and 
quartz  tubes  or  we  performed  the  blowing  with  nitrogen  along  the  lateral  surface  of  the 
sample. 


Self-sustaining  combustion  regime 

The  character  of  HMX  and  RDX  combustion  is  quite  different.  When  samples  of 
RDX  doped  with  CB  are  irradiated  by  with  Nd:YAG  laser  by  constant  flux  in  the  range 
10-18  cal/cm^s  the  flameless  gasification  regime  is  established  with  relatively  small 
regression  rate.  Flame  does  not  appear  neither  in  air  nor  in  nitrogen  environment.  All 
these  experiments  were  conducted  with  unprotected  and  non-inhibited  RDX  samples. 
Even  slow  deradiation  up  to  zero  level  during  0.6-1 .0  sec  could  not  provide  conditions  for 
flame  appearance.  It  merely  led  to  total  extinguishing  and  gradual  cooling  of  the  sample. 

The  data  on  flameless  gasification  rate  for  CB  doped  RDX  samples  versus  incident 
(Nd:YAG  laser)  radiant  flux  can  be  described  by  relationship 

[cm/s]  =  0.001  q 

where  q  should  be  taken  in  cal/cm^s. 
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In  the  case  of  laser  radiative  heating  of  RDX  samples  supplied  with  protection  tube 
the  ignition  in  gas  phase  (flame  appearance)  occurred  in  arbitrary  moments  of  time.  This 
fact  indicates  that  the  reason  for  gas  flame  ignition  is  overheating  of  the  glass  tube  or  the 
edge  of  inhibiting  layer. 

In  the  ignition  of  RDX  in  air  by  Xenon  lamp  the  flame  combustion  regimes  (samples 
with  quartz  protection  tube)  were  initiated  with  q>S  cal.cm^s.  The  burning  rate  in  regime 
with  a  developed  flame  is  0.039±0.003  cm/s.  A  characteristic  feature  of  the  recorded 
signal  of  reactive  force  is  the  existence  of  a  high-frequency  component  with  an  oscillation 
frequency  of  about  600  Hz  that  corresponds  to  the  eigen  frequency  of  a  mechanical  unit  of 
the  transducer.  This  behavior  is  supposedly  determined  by  the  fact  that  the  measured 
reactive  force  contains  oscillations  whose  frequency  exceeds  the  eigen  frequency  of  the 
mechanical  unit  of  the  transducer.  The  photodiode  signal  trace  has  a  smooth  character 
(Fig.  1). 

It  is  assumed  that  the  source  of  the  reactive  force  oscillations  is  the  process  of 
rupture  of  bubbles  forming  in  the  surface  RDX  layer  upon  combustion.  According  to  our 
temperature  measurements  and  to  the  literature  data  [9],  upon  combustion  in  air  the 
melted  layer  of  RDX  equals  to  0.04  cm  which  is  2-3  times  larger  than  that  of  HMX. 

The  HMX  combustion  in  self-sustaining  regime  has  a  pronounced  auto  oscillatory 
character  (Fig.  2).  This  behavior  is  recorded  by  both  the  transducer  of  the  reactive  force 
and  the  photodiode.  The  unsteadiness  of  HMX  combustion  at  atmospheric  pressure  was 
reported  in  [10].  The  oscillatory  regime  of  HMX  combustion  is  established  either  in  the 
case  of  radiant  flux  switch-off  or  in  the  case  of  initiation  by  the  burning  RDX  sample 
(combustion  of  two  samples  in  contact).  Note  that  in  the  composite  charge  the  combustion 
wave  passes  steadily  (without  delay)  in  the  direction  RDX->HMX  and  back.  Affer 
ignition,  in  HMX  the  oscillatory  combustion  regime  develops  with  a  frequency  of  6-8  Hz. 

Upon  radiative  ignition  after  removal  of  external  energy  source  the  reactive  force 
decreases  substantially  for  0.5-1  s  (depending  on  the  igniting  flux  value)  with  subsequent 
transition  to  the  auto  oscillatory  regime.  Further,  upon  combustion  the  oscillation 
amplitude  may  increase  with  decreasing  frequency.  The  frequency  of  reactive  force 
oscillations  may  decrease  to  3-4  Hz  and  the  amplitude  may  increase  to  the  values  close  to 
100%.  In  most  cases,  this  process  leads  to  extinction. 
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The  HMX  combustion  behavior  is  very  sensitive  to  impurities.  The  oscillatory 
character  of  combustion  vanishes  completely  if  RDX  is  added  to  HMX  in  amounts  of 
more  than  5%.  The  presence  of  the  combustible  inhibition  layer  (glue)  decreases  the 
oscillation  amplitude.  The  addition  of  the  inert  component  (AI2O3  or  soot)  up  to  5%  has 
no  effect  on  the  HMX  combustion  behavior. 

Figures  3  and  4  show  the  dependencies  of  RDX  and  HMX  burning  rates  on  the 
radiant  flux.  The  data  are  given  for  three  sources  of  the  radiation.  When  the  samples 
contain  0.5  to  1%  of  carbon  black,  the  riy(q)  dependencies  are  not  distinguished  under  the 
action  of  various  energy  sources.  Figure  5  shows  the  dependencies  of  the  steady-state 
burning  rate  of  RDX  and  the  averaged  burning  rate  of  HMX  on  initial  temperature  at 
atmospheric  pressure.  In  this  case,  the  value  of  the  coefficient  of  burning  rate  temperature 
sensitivity  Op  =  dln(u)/dTo  almost  const  for  both  compounds  and  equals  approximately  to 
Op  =  0.0026  1/K. 


Combustion  under  external  radiation 

The  burning  rate  response  to  the  radiant  flux  has  been  studied  by  flux  step-wise 
and  sinusoidal  changes.  Upon  cut  off  (during  «  lO"’  s)  of  the  radiant  flux,  RDX  transforms 
to  self-sustained  combustion  regime  without  noticeable  time  delays.  In  this  case,  the  high 
frequency  oscillations  of  the  reactive  force  are  preserved.  HMX  is  more  sensitive  to  the 
changes  in  radiant  flux.  When  a  radiant  flux  of  (10  -  14)  cal/om^s  is  cut  off  abruptly,  the 
burning  rate  decreases  almost  to  zero  and  the  duration  of  transition  period  amounts  to  0.5 
s.  Thereafter,  the  auto  oscillatory  combustion  regime  develops  if  there  is  no  complete 
extinction. 

Under  the  action  of  harmonically  modulated  radiant  flux  the  reactive  force 
response  for  HMX  exhibits  a  pronounced  resonance  character.  Experiments  were 
performed  at  To=20®C,  the  mean  radiant  flux  q  =  14  cal/cm^s.  The  resonance  frequency 
observed  was  10  -  12  Hz  (Fig.  6)  and  the  resonance  response  amplitude  was  60-70%  for  a 
30%  depth  of  radiation  modulation.  The  character  of  the  response  of  reactive  force  signal 
is  nonlinear  which  is  manifested  in  both  the  shape  of  response  signal  and  the  dependence 
of  the  response  amplitude  on  modulation  depth.  As  the  modulation  depth  decreases  to 
10%  and  even  5%,  the  response  amplitude  in  the  vicinity  of  resonance  frequency  remains 
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constant.  In  these  two  cases  the  response  uniformity  is  lost  with  distance  from  the 
resonance  frequency  and  then  (at  large  frequencies)  HMX  combustion  passes  to  the 
oscillatory  regime  at  resonance  frequency.  Note  that  at  constant  radiant  flux  equal  14 
cal/cm^s  the  HMX  combustion  was  steady  in  most  experiments.  However,  in  some  cases 
we  observed  the  oscillatory  combustion  regimes  under  constant  irradiation  with  an 
oscillation  frequency  of  reactive  force  of  10  -  13  Hz. 

The  resonance  frequency  of  reactive  force  response  for  RDX  is  5  -  7  Hz  at  o'  =  14 
cal/cm^s  and  modulation  depth  20%  and  the  response  amplitude  is  lower  than  that  of 
HMX.  These  low  resonance  frequencies  were  not  detected  in  [13]  where  experiments  with 
the  HMX  and  RDX  were  conducted  in  the  range  (15  -  100)  Hz. 

Combustion  under  elevated  pressures 

In  the  experiments  under  elevated  pressures  the  self-sustained  combustion  regimes 
were  analyzed  on  the  basis  of  reactive  force  signal  records.  As  the  pressure  increases,  the 
amplitude  of  high-frequency  oscillations  in  the  reactive  force  signal  of  RDX  decreases 
and  with  the  pressure  exceeding  4  atm  the  recorded  signal  becomes  smooth.  In  HMX,  as 
the  pressure  increases,  the  oscillation  frequency  increases  and  the  relative  amplitude  of 
the  reactive  force  decreases.  At  3  atm  the  frequency  reaches  40  Hz  and  with  further 
increase  in  pressure  the  reactive  force  oscillations  are  actually  not  recorded. 

Figure  7  shows  the  dependencies  of  burning  rate  on  pressure  and  Figure  8  shows  a 
change  in  the  dimensionless  oscillation  frequency  of  HMX  burning  rate  with  varying 
pressure. 


Discussion 

The  experimental  study  revealed  variety  of  important  features  of  the  RDX  and 
HMX  combustion  behavior  at  atmospheric  pressure.  It  gives  a  basis  for  improvement  and 
validation  of  existing  theoretical  models  for  combustion  of  melted  energetic  materials. 

An  existence  of  flameless  low  rate  radiation-driven  gasification  regime  for  RDX 
upon  radiative  ignition  at  atmospheric  pressure  reflects  the  fact  that  the  rate  of  chemical 
reactions  in  the  gas  phase  for  this  compound  is  rather  low.  It  means  that  the  characteristic 
time  for  chemical  reactions  in  the  flame  may  become  comparable  with  the  residence  time 
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of  gaseous  species  in  the  flow  of  vapor  and  decomposition  products.  Consequently,  the 
flame  can  be  formed  at  a  finite  distance  from  reacting  surface  but  in  conditions  of 
radiative  heating  the  gases  cool  down  going  away  from  the  surface  that  prevents 
appearance  of  flame.  In  the  case  of  forced  ignition  of  gases  above  the  surface,  e.g.  with 
external  flame  torch  or  via  propagating  combustion  wave  (samples  in  contact)  the  RDX 
samples  bum  in  flame  regime  with  enhanced  burning  rate. 

The  flameless  gasification  regime  of  RDX  should  be  studied  experimentally  in 
more  details.  The  dependenee  of  gasification  rate  on  initial  temperature,  radiant  flux  and 
pressure  may  give  valuable  information  about  global  parameters  of  chemical 
transformations  in  the  condensed  phase.  Measurement  of  surface  temperature  in  flameless 
gasification  regime  may  also  provide  information  on  boiling  temperature  that  is  known  to 
be  very  difficult  measurable  in  direct  way  for  reacting  substances. 

Another  important  feature  of  self-sustaining  RDX  combustion  is  high  frequency 
oscillatory  behavior  of  the  burning  rate/reactive  force  at  pressures  1-3  atm.  It  has  been 
mentioned  above  that  the  very  possible  cause  of  oscillations  is  the  rupture  of  bubbles  in 
the  melted  surface  layer  of  RDX.  The  formation  of  separate  bubbles  at  the  reacting 
surface  of  RDX  was  observed  in  our  experiments  and  mentioned  in  literature  [10]. 
However,  to  prove  statement  about  cause  of  reactive  force  oscillations  one  needs  to 
perform  experiments  with  visualization  of  combustion  along  with  determining  the 
dependence  of  frequency  of  oscillations  on  the  magnitude  of  reacting  surface  and 
combustion  conditions.  It  will  be  useful  to  conduct  experiments  with  other  melted 
energetic  materials  in  order  to  establish  correlation  on  oscillations  existence  with  the 
width  of  the  melted  layer. 

In  the  case  of  HMX  the  most  interesting  finding  is  an  existence  at  pressures  1-3 
atm  of  low-frequency  regular  burning  rate  oscillations  that  is  very  similar  to  the  predicted 
by  theory  [11]  for  the  system  burning  close  to  the  limit  of  steady-state  combustion.  The 
observed  occasional  extinction  of  HMX  self-sustaining  oscillating  combustion  at 
atmospheric  pressure  gives  the  evidence  of  intrinsic  instability  of  this  combustion  regime. 
Note  that  comparison  with  prediction  by  original  version  of  phenomenological  theory  of 
nonstationary  combustion  (the  Zeldovich  -  Novozhilov  approach)  [11]  reveals 
contradiction  with  experimental  observations.  Indeed,  according  to  the  linear  analysis  [11] 
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the  combustion  regimes  with  auto  oscillations  of  burning  rate  exist  at  the  limit  of  stability 
of  steady-state  combustion  when  parameter  k  =  (Tg  -  Tq)  >  1.  With  A:  <  1  the  auto 
oscillations  of  the  burning  rate  must  not  exist.  However,  if  we  take  experimental  value 
cTp=0.0026  1/K  and  Tg  =  633  K  [9],  the  calculated  value  k  =  0.88  <\diTff=  293  K.  The 
first  explanation  of  this  discrepancy  is  that  measured  experimentally  value  of  Op 
corresponds,  in  fact,  to  oscillating  but  not  steady-state  combustion  regime  which  should 
only  he  used  for  determining  CTp. 

It  can  be  mentioned  that  according  to  the  model  developed  by  Ward  et  al.  [12]  the 
self-sustaining  combustion  of  HMX  at  atmospheric  pressure  should  be  unstable  and  it 
becomes  stable  at  elevated  pressures.  However,  it  is  known  that  the  model  [12]  is  based 
on  oversimplified  assumptions  and  efforts  on  theoretical  simulation  of  nitramines 
combustion  should  be  continued.  The  experimental  dependencies  for  the  frequency  and 
amplitude  of  auto  oscillations  of  the  burning  rate  on  initial  temperature  and  pressure  may 
serve  good  job  for  validation  of  theoretical  models  and  for  determining  needed  global 
kinetic  parameters.  It  is  interesting  to  note  that  an  improved  version  of  the  Zeldovich  - 
Novozhilov  approach  that  takes  into  consideration  the  latent  heat  of  melting  gives  for 
unstable  combustion  regimes  the  limiting  value  k<l  depending  on  the  magnitude  of 
melting  heat  [14].  In  fact,  to  check  theoretical  predictions  one  needs  to  obtain  precise 
experimental  data  that  can  be  used  in  theoretical  calculations. 

Conclusions 

The  findings  of  the  present  work  are  as  follows: 

1 .  The  flameless  radiation-driven  gasification  regime  of  RDX  at  atmospheric  pressure  is 
revealed. 

2.  High  frequency  oscillations  (>  600  Hz)  of  recoil  force  are  recorded  in 
combustion/gasification  of  RDX  at  atmospheric  pressure. 

3.  The  regime  of  low-frequency  auto  oscillating  HMX  combustion  is  recorded  at 
pressures  1-3  atm  with  frequencies  increasing  from  6  -  8  Hz  to  37  -  40  Hz  in  the  pressure 
range  studied. 
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4.  The  resonance  response  of  burning  rate  to  sinusoidal  oscillations  of  the  radiant  flux  {q 
=  14  cal/cm^s,  modulation  depth  20%)  is  recorded  at  atmospheric  pressure.  The  fi'equency 
of  resonance  equals  to  10  -  12  Hz  for  HMX  and  5  -  7  Hz  for  RDX. 

The  results  obtained  give  background  for  improving  and  validation  of  theoretical 
combustion  models  and  better  understanding  of  the  mechanism  of  nitramines  combustion. 
It  should  be  underlined  the  significance  of  using  the  methods  of  recording  transient 
combustion  parameters  (recoil  force,  flame  radiation)  in  getting  new  information  about 
combustion  mechanism.  It  is  believed  that  new  experimental  data  will  be  helpful  in 
deriving  the  values  of  global  kinetic  parameters  characterizing  combustion  of  nitramines 
at  conditions  under  study. 
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Fig.  1.  The  records  of  RDX  radiation  driven  combustion;  To  =  ZO^C,  P=1  atm. 


Fig.  2.  The  records  of  HMX  radiation  driven  combustion;  To  =  20°C,  P=1  atm. 
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Fig.  3.  RDX  burning  rate  vs  radiant  flux;  To  =  20°C,  P=1  atm. 


Fig.  4.  HMX  burning  rate  vs  radiant  flux;  To  =  20°C,  P=1  atm. 
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Fig.  5.  RDX  and  HMX  burning  rates  vs  ambient  temperature;  P=1  atm. 


Fig.  6.  RDX  and  HMX  recoil  force  response  vs  Frequency;  To  =  20°C,  P=1  atm. 
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ABSTRACT 

Bum  rate  characteristics  of  monopropellant  combustion  of  furazan  derivatives,  an  aromatic 
endothermic  five-membered  ring,  were  studied.  Three  furazan  series:  furazans,  azofurazans,  and 
azoxyfiirazans,  substituted  with  NHi,  OH,  OCH3,  CHj,  CN,  and  NO2  groups,  were  under 
investigation.  Within  each  of  the  three  furazan  series,  the  burning  rate  of  a  furazan  derivative 
containing  nitro  group  has  been  found  to  be  much  higher  than  that  of  the  rest,  even  exceeding  the 
burning  rate  of  traditional  high-energy  materials  (HMX,  RDX).  For  the  compounds  without  active 
oxygen  in  the  substituent,  thermocouple-aided  measurements  showed  results  well  below  calculated 
adiabatic  combustion  temperatures.  Nitrile-containing  compounds  formed  during  decomposition  of 
the  heterocycle  in  the  absence  of  an  oxidizer  is  assumed  to  remain  unreacted  among  combustion 
products  and  to  be  responsible  for  incomplete  energy  release.  For  combustion  of  compounds  of  this 
type,  the  main  source  of  heat  release  is  suggested  to  be  isomerisation  of  the  nitriloxide  fomied 
during  furazan  decomposition  to  isocyanate  rather  than  an  oxidation  reaction. 

INTRODUCTION 

Performance,  stability  and  sensitivity  are  three  of  the  most  obvious  criteria  that  can  be  used  in 
evaluating  energetic  ingredients,  but  many  other  factors  come  into  play  in  determining  whether  a 
compound  ever  finds  its  way  into  usage.  Combustion  characteristics  are  among  them.  Derivatives 
of  furazan,  an  aromatic  five-membered  ring  with  one  oxygen  atom  between  two  nitrogen  atoms, 
are  being  investigated  intensively  as  they  can  be  thought  of  to  contribute  to  propellant 
performance  due  to  high  enthalpy  of  formation  of  furazan  ring.  The  present  work  was  aimed  at 
studying  bum  rate  characteristics  of  monopropellant  combustion  of  furazan  derivatives  to 
evaluate  a  combustion  mechanism  and  to  allocate  this  new  class  of  compounds  among  other 
energetic  materials. 


170  -  2 


EXPERIMENTAL 

Furazan  derivatives,  3,4-diaminofurazan  [1,2],  3-aininofurazan-4-carboxamidoxime  [3],  3-amino- 
4-nitrofurazan  [4],  3-ainino-4-cyanofurazan  [5],  4,4'-dimethylazofurazan  [6],  4,4'-dimethoxy- 
azofurazan  [7],  4,4'-dicyanoazofura2an  [8],  4,4'-dinitroazofurazan  [4],  3,3'-diaimnoazoxyfurazan 
[9]^  4,4'-dimtroazoxy-furazan  [4]  were  synthesized  by  methods  published  elsewhere.  Analytic 
data  confirmed  the  assigned  structures. 


Table  1.  Physical  Properties  of  Furazan  Derivatives. 


Abbrevia¬ 

tion 

Structural  Formula 

AH°f, 

kcal/mol 

Density 

g/cm^ 

Melting 

Point, 

°C 

Adiabatic  Flame 
Temperature,  K 
(100  atm) 

DAF 

24.8 

1.61 

180 

1590 

CNAF 

67* 

1.57** 

187 

2425 

NAF 

27.1 

1.86 

126 

3280 

AOAF 

10* 

1.58** 

190 

1520 

DCNAZF 

^  ...N  -N  j  ^  CN 
n^o^n 

225 

1.58** 

152 

3710 

DMOAZF 

H3CO  h  N=N  h  ^  OCH3 

n^o^n 

62,7 

1.67** 

175 

1725 

DOHAZF 

59* 

1,75** 

2750 

DMAZF 

137* 

1.57** 

105 

2365 

DNAZF 

168,4 

1.73 

56 

.  4130 

DAAZOF 

N.  .N  0  N.  .N 

0  0 

127.2 

1.6** 

246 

2655 

DNAZOF 

// . //  \\ 

Nv  /N  0  N  N 

0  0 

154.7 

1.82 

112 

4030 

*  Calculated  enthalpies  (the  other  enthalpies  were  determined  by  Dr.  V.P.Lebedev  from  Institute 
of  Chemical  Physics  of  Russia);  **  Density  of  pressed  strands. 
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Bum  rate  measurements  were  carried  out  in  a  window  constant  pressure  bomb  of  1.5  liter  volume 
in  the  pressure  range  of  0.1-36  MPa.  A  slit  camera  was  used  to  determine  a  character  of  the 
combustion  process  as  well  as  burning  rate  values. 

The  combustion  strands  were  prepared  by  pressing  thoroughly  comminuted  substances  in 
transparent  acrylic  tubes  of  4  or  7  mm  i.d.  at  150-200  MPa. 

Temperature  profiles  in  the  combustion  wave  of  furazans  were  measured  using  Il-shaped 
thermocouples.  The  thermocouples  were  welded  from  25|im  diameter  tungsten/5%-rhenium  and 
tungsten/20%-rhenium  wires,  rolled  in  bands  to  obtain  7  pm  bead  size,  and  embedded  into 
pressed  strands  of  7  mm  diameter. 

RESULTS  AND  DISCUSSION 
Combustion  behavior 

Three  flirazan  series:  furazans,  azofurazans,  and  azoxyfurazans,  substituted  with  NH2,  OH,  OCH3, 
CH3,  CN,  and  NO2  groups,  were  under  investigation.  The  effect  of  pressure  on  the  burning  rate  of 
the  furazans  is  presented  in  Figs.  1-3.  Mononuclear  fiirazan  derivatives  except  for 
aminonitrofurazan  bum  with  a  very  weak  luminescence,  forming  a  plenty  of  smoke,  especially  at 
low  pressures.  In  the  case  of  azo-  and  azoxyfurazans  much  smoke  is  observed  also,  but  the  flame 
in  combustion  is  brighter,  of  reddish  color.  All  of  fiirazan  nitroderivetives  give  a  smokeless  bright 
white  flame. 

Furazan  derivatives  appeared  to  demonstrate  burning  rates  typical  for  of  usual  nitrocompounds, 
but  not  nearly  so  rapid  as  derivatives  of  tetrazole,  another  high-energy  heterocycle.  Thus, 
diaminofurazan  DAF  burns  at  approximately  the  same  rates  as  dinitrophenol  isomers  of  close 
combustion  temperature  [10]  but  below  than  slow-burning  tetrazole  derivatives,  5-amino-  and  5- 
hydroxytetrazole  [11].  This  is  not  surprising  since  except  the  heat  of  oxidation  by  the  active 
oxygen  atom  the  energy  in  combustion  of  furazans  can  be  only  released  during  decomposition  of 
nitrile  fragments  “built-in”  the  heterocycle,  which  are  extremely  slow  to  decompose  in  the  absence 
of  an  oxidizer. 

Within  each  of  the  three  furazan  series,  the  burning  rate  of  the  furazan  derivative  containing  nitro- 
group  appears  to  be  much  higher  than  that  of  the  rest,  approaching  or  even  exceeding  the  burning 
rate  of  traditional  N-NO2  energetic  materials  such  as  HMX  and  RDX.  This  is  connected  with 
higher  combustion  temperatures  of  furazan  nitroderivetives  (see  Table  1). 
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Fig.  1 .  Pressure  dependence  of  the  burning  rate  of 
furazan  derivatives: 

3-amino-4-nitrofurazan  -  (1) 

3-ainino-4-cyano£urazan  -  (2) 

3,4-diatninofurazan  -  (3) 

3-aminofurazan-4-carboxamidoxime  -  (4) 


Pressure,  atm 


Fig.  2.  Pressure  dependence  of  the  burning  rate  of 
azofurazan  derivatives: 

4,4’-dinitroazofijrazan  -  (1) 

4,4’-dihydroxyazofurazan  -  (2) 

4,4’-dimethylazofurazan  -  (3) 

4,4’-dicyanoazofura2an  -  (4) 

4,4’-dioxyniethylazofurazan  -  (5) 


However,  no  correlation  between  the  burning  rate  of  others  furazan  derivatives  and  adiabatic 
flame  temperatures  is  observed.  For  example,  the  calculated  combustion  temperature  of 
aminocyanofiirazan  is  more  than  800  K  higher  than  that  of  temperature  of  diaminofurazan  (see 
Table  1),  whereas  the  burning  rates  of  these  compounds  are  close  to  each  other  (see  Fig.  1). 
While  the  burning  rates  of  a  large  group  of  furazan  azo  derivatives  are  closely  related  (see  Fig.  2), 
the  corresponding  calculated  combustion  temperatures  are  different.  This  situation  is  believed  to 
reflect  the  diflBculty  with  energy  release  fl'om  nitrile-containing  decomposition  products  in  a 
deficit  of  an  oxidizer,  with  the  result  that  the  greatest  possible  combustion  temperature  is  not 
achieved. 

In  contrast  to  nitrile  group  the  inner  energy  reserved  in  azo  and  azoxy  groups  has  an  opportunity 
to  be  released  in  the  combustion  wave  as  evidence  by  higher  burning  rates  of  azo-  and 
azoxyfurazans  in  comparison  with  mononuclear  compounds  (compare  Figs.  1-3). 

A  comparison  of  burning  rates  of  azo  and  azoxy  derivatives  (see  Fig.  4)  shows  the  less  burning 
rate  of  the  latter  in  the  whole  pressure  range  despite  of  additional  active  oxygen  atom  (capable  of 
participating  in  oxidation  reactions)  in  the  molecule.  At  first  glance  it  seems  to  be  connected  with 
somewhat  lower  combustion  temperature  of  azoxy  compound  as  compared  with  combustion 


170  -  5 


temperature  of  azo  analog,  however,  the  difference  is  insignificant.  The  lesser  burning  rate  of 
azoxy  compound  is  conceivable  to  be  associated  with  the  formation  of  NjO  molecule  in 
decomposition  of  azoxy  compound.  N2O  retains  some  internal  energy  evolved  during  the 
decomposition  (AH°f  =  19.5  kcal/mole)  and  is  usually  reduced  in  the  most  high-temperature  and 
farthest  from  the  combustion  surface  flame  zones  [12],  producing  a  weak  effect  on  the  burning 
rate. 


Fig.  3.  Pressure  dependence  of  the  burning  rate  of 
azoxyfurazan  derivatives: 

4,4’-dinitroazoxyfurazan  -  (1) 
3,3’-diaininoazoxyfurazan  -  (2) 


Fig.  4.  Comparison  of  burning  rates  of  azo-  and 
azoxy-  fiirazan  derivatives: 

4,4’-dinitroazofurazan  -  (1) 
4,4’-dinitroazoxyfurazan  -  (2) 


Combustion  temperatures 

To  elucidate  combustion  features  of  furazans  derivatives  more  closely  tungsten-rhenium  fine 
microthermocouple  technique  was  employed  to  measure  combustion  temperatures  and  investigate 
the  temperature  distribution  in  the  combustion  wave  at  various  pressures.  The  results  of 
thermocouple  studies  are  presented  in  Tables  2-  4. 


As  noted  above  there  is  no  correlation  between  the  burning  rate  of  furazan  derivatives  and  their 
adiabatic  flame  temperature.  The  data  of  Tables  2-  4  show  that  in  all  cases  measured  temperatures 
is  below  calculated  adiabatic  ones.  For  furazan  nitroderivatives,  which  combustion  temperatures 
were  measured  only  at  low  pressure  because  of  high  burning  rates,  the  incompleteness  of  energy 
release  is  known  to  be  connected  with  incomplete  reduction  of  nitrogen  oxides  just  at  low 
pressures.  For  compounds  containing  active  oxygen  in  the  furazan  ring  only,  the  reason  for 
incompleteness  of  the  heat  release  in  combustion  should  be  searched  for  formation  of  high-energy 
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products.  Such  compounds  are  most  likely  nitrile  derivatives  I,  which  are  known  [13]  to  be 
formed  during  slow  thermal  decomposition  of  flirazans: 


RCN  +  R'CNO 
I  II 


(1) 


Nitriloxides  n  can  undergo  isomerisation  to  isocyanates  HI  or  decompose  to  form  nitrile  and 
oxygen  atom: 


R'CNO 

II 


R'CN  +  O 

RNCO 

m 


Calculation  of  the  combustion  temperature  of  furazan  derivatives  on  the  assumption  that  both  of 
nitrile  groups  formed  in  heterocycle  decomposition  remain  in  the  combustion  products,  gives  very 
low  values  (see  Table  2  and  Table  4).  This  allows  considering  the  route  of  nitriloxide 
decomposition  as  well  as  transfer  of  the  oxygen  atom  to  any  particle  other  than  CN  as 
insignificant  pathway  in  the  combustion  process. 


Table  2.  Comparison  of  measured  and  calculated  temperatures  of  fiirazan  combustion. 


Compound 

Pres¬ 

sure, 

atm 

Calculated  Flame 
Temperature,  K 

Nonequilibrum 

Products, 

Mole  per  Mole  of 
Furazan 

H 

Tf 

Equi- 

librum 

HzN  h  A  NH; 

620 

(CN)2 

//  W 

80 

750 

1030 

1580 

1175 

0.5  (CN)2 

H2NCN,  CO 

625 

1.5  (CN)2 

.N  NOH 

120 

750 

1090 

1530 

1120 

NH2CN,  0.5(CN)2 

1255 

NH2CN,  2CO,  NH3 

NC  j.  a  NHz 

1.5(CN)2 

.N 

80 

970 

2425 

835 

(CN)2,  CO 

rwiBinwMmgigiiai 

At  the  same  time,  calculated  temperatures  for  one  nitrile  group  “frozen”  per  one  heterocycle  (plus 


nitrile  groups  of  the  substituents)  prove  to  be  closed  to  the  measured  ones.  For  the  given 
temperatures  and  the  set  of  reducing  fragments  (CN-  and  NHa-groups)  the  isomerisation  reaction 
to  isocyanate  seems  to  dominate  over  the  reaction  of  oxidation  of  these  fragments  by  nitriloxide 
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or  oxygen.  It  is  interesting  that  calculated  combustion  temperature  for  compound  AOAF  with  the 
oxime  group  as  the  substituent  is  in  a  good  agreement  with  measured  one  only  when  oxime  is 
proposed  to  produce  nitrile  during  decomposition. 


Table  3.  Comparison  of  measured  and  caleulated  temperatures  of  nitrofurazans  eombustion 


Compound 

Pres- 

Calculated  Flame 

sure, 

Temperature,  K 

Products, 

atm 

H 

Tf 

Equi- 

librum 

Nonequi- 

librum 

Mole  per  Mole  of 
Furazan 

°^N“y~yNH2 

M 

5 

580 

2610 

3090 

0.5  NO 

0.5  N2O 

O2N  n  ^  N_N  n  ^  NO. 

0  0 

3210 

2  NO 

1 

570 

2650 

3365 

2680 

2590 

2NO,  N2O 
3N2O 

The  incompleteness  of  the  heat  release  in  combustion  of  nitrocompounds  at  low  pressure  is 
usually  due  to  formatting  of  NO  which  is  reduced  in  the  second  flame  located  far  from  the  surface 
and  unachievable  by  the  thermocouple.  The  combustion  temperature  of  NAF  calculated  on  the 
assumption  that  the  nitro  group  is  reduced  only  partially  (2520  K)  might  be  in  a  good  agreement 
with  measured  one  (2610  K).  Experimental  (2650  K)  and  calculated  (2680  K)  combustion 
temperatures  of  DNAOF  at  atmospheric  pressure  are  also  in  a  good  agreement  if  one  assumes 
two  molecules  of  NO  from  two  nitro  groups  and  one  molecule  of  N2O  from  the  azoxy  group 
remain  unreacted  in  the  combustion  products.  However,  a  unique  set  of  primary  decomposition 
products  of  the  furazan  cycle  (RCN  and  RNCO)  cast  doubt  on  the  presence  of  unreacted  NO  in 
the  combustion  products.  The  point  is  that  NCO  known  to  be  a  major  product  of  oxidation  of 
nitrile  derivatives  by  NO2  and  serves  as  a  perfect  scavenger  of  NO,  transforming  it  to  N2O  [14]. 
Table  3  demonstrates  a  good  agreement  between  measured  temperatures  and  calculated  ones  on 
the  assumption  of  unreacted  N2O  among  the  combustion  products. 

A  comparison  of  the  measured  and  calculated  combustion  temperatures  for  bicyclic  furazans  (see 
Table  4)  suggest  formation  of  one  mole  of  dicyan  (two  moles  of  cyanamide  for  DAAZOF)  per 
mole  of  initial  substance  as  responsible  for  heat  release  incompleteness.  In  contrast  to 
dinitroazoxyfurazan  DNAZOF,  diaminoanalog  DAAZOF  does  not  suggest  the  definite 
composition  of  combustion  products  if  comparing  calculated  and  measured  temperatures. 
However  in  any  case  the  share  of  unreacted  N2O  is  less  than  expectable.  This  is  probably 
connected  with  the  large  contents  of  reducing  fragments  in  the  molecule  of  DAAZOF. 
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Table  4.  Comparison  of  measured  and  calculated  temperature  of  azo-  and  azoxyfiirazans 


Compound 

Pres¬ 

sure, 

atm 

Measured  Tem¬ 
perature,  K 

Calculated  Flame 
Temperature,  K 

Nonequilibrum 
Products, 
Mole  per  Mole  of 
Furazan 

B 

Tf 

Equi- 

librum 

Nonequi- 

librum 

20 

■ 

2115 

2730 

280 

2630 

1930 

20 

1 

2110 

2640 

1490 

2320 

1955 

2100 

2200 

2  (CN)2 
(CN)2 

2NH2CN,  2CO 
2NH2CN,  1.8CO 
2NH2CN,  O.5N2O 

Combustion  mechanism 

Temperature  distribution  in  the  combustion  wave  at  various  pressures  was  investigated  by  the 
example  of  DAF,  one  of  the  simplest  representatives  of  fiirazans.  The  results  of  the  measurements 
are  presented  in  Table  5.  A  typical  recording  of  temperature  distribution  in  the  combustion  wave 
of  DAF  is  shown  in  Fig.  5.  Based  on  of  the  temperature  profiles  measured  the  combustion  wave 
can  be  divided  into  the  following  typical  zones; 

•  melting  layer  zone  extending  from  the  melting  point  (Tm)  to  the  surface  temperature  (T,); 

•  gas  phase  zone  where  the  temperature  increases  abruptly  from  T,  to  Tf  within  the  very  thin 
region; 

•  final  gas  phase  interval  where  the  temperature  remains  practically  constant  over  some 
distance. 


Table  5.  Temperature  distribution  in  the  combustion  wave  of  diaminofurazan. 


Pressure,  atm 

Surface  Temperature,  K 

Maximal  Flame  Temperature,  K 

20 

650 

970 

50 

700 

1010 

80 

750 

1030 

200 

795 

Temperature  profiles  in  the  gas  phase  is  rather  uneven,  temperature  fluctuations  observed  are 
probably  due  to  the  presence  of  condensed  combustion  products  in  the  flame.  The  thermolysis  of 
DAF  is  known  [15]  to  produce  ammonium  dicyanamide  and  thermally  stable  cyclic  azines, 
melamine  and  melon.  Combustion  of  DAF  at  80  atm  leads  to  formation  about  40%  of  the 
condensed  residue  which,  according  to  IR-spectroscopy  data  (wide  strong  bands  3435,  3330  and 
3130  cm"'  (vN-H),  small  band  2120  cm"'  (  vC=N)  and  absorbance  in  the  range  of  1500  -1650  cm"' 
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(5NH2  and  vC=N)),  consists  of  the  condensation  products  of  cyanamide:  melamine  with  an 
admixture  of  dicyandiamide.  It  almost  quantitatively  corresponds  to  the  amount  of  cyanamide 
which  can  be  formed  in  the  decomposition  of  DAF  by  the  reaction  (1). 


Fig.  5.  Temperature  distribution  in  the  combustion  Fig.  6.  Relationship  between  vapor  pressure  and 
wave  of  diaminofurazan  at  80  atm.  sur&ce  temperature  of  diaminofiirazan. 

The  value  of  thermal  diffiisivity  (%)  in  the  condensed  phase  of  DAF  (4.52  •  10'’  cmVsec)  calculated 
from  thermocouple  data  using  Michelson  relation  and  calculated  value  of  specific  heat  Cp  (0.57 
cal/g-K)  allow  calculating  thermal  conductivity  in  the  condensed  phase  Ic  (9  •  1 0"^  cal/sec  •  sm  •  K). 
Using  the  thermophysical  data  obtained  and  kinetic  parameters  of  diaminofurazan  decomposition 
determined  in  [16]  (preexponential  factor  is  10‘^  ‘*  sec'*,  activation  energy  of  the  decomposition  is 
47.8  kcal/mole),  it  is  possible  to  estimated  a  degree  of  DAF  decomposition  in  a  superficial  layer  at 
the  surface  temperature.  At  all  investigated  pressures  and  corresponding  burning  rates,  as  little  as 
1%  of  DAF  has  had  time  to  decompose  in  the  condensed  phase.  Therefore,  the  surface 
temperature  may  be  conceived  to  be  the  boiling  temperature  of  DAF.  The  data  on  T,  plotted  in 
the  coordinates  pressure  vs.  reciprocal  temperature  fall  on  a  straight  line.  The  slope  of  the  line 
yields  the  enthalpy  of  evaporation  of  15.1  kcal/mole,  quite  reasonable  value  for  similar 
compounds  [17]. 

Since  the  profile  of  temperature  distribution  in  the  gas  phase  is  not  smooth,  it  is  difficult  to  obtain 
exact  values  of  the  temperature  gradient  above  the  combustion  surface.  A  comparison  of  profiles 
recorded  at  various  pressures  clearly  demonstrates,  however,  that  the  temperature  gradient  in  the 
gas  phase  also  grows  with  pressure. 

All  these  data  suggest  the  followdng  combustion  mechanism  of  diaminofurazan.  The  leading 
combustion  reaction  proceeds  in  the  gas  phase,  with  the  surface  temperature  being  the  boiling 
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temperature  of  DAF.  Decomposition  of  DAF  in  the  flame  results  in  formation  of  cyanamide 
NH2CN  and  aminonitriloxide  NH2CNO,  the  former  undergoes  condensation  in  the  flame  and 
basically  on  cooling  to  give  melamine  (NH2CN)3  and  dicyandiamide  NCNHC(NH2)=NH.  The 
isomerisation  of  aminonitriloxide  to  isocyanate  presumably  defines  the  combustion  temperature 
and  the  burning  rate  of  DAF, 

CONCLUDING  REMARKS 

Some  distinctive  characteristics  of  combustion  of  fiirazan  derivatives  can  be  revealed  from  the 
analysis  of  burning  rate  data  and  thermocouple-aided  measurements.  Furazan  cycle  itself 
possesses  a  high  thermal  stability,  and  therefore,  its  simple  derivatives  in  the  absent  of  thermally 
unstable  substituents  decompose  at  high  temperatures  achieved  in  the  gas  phase.  Nitrile- 
containing  compounds  formed  during  the  decomposition  of  the  heterocycle  have  no  time  to 
decompose  fully  in  the  oxygen-deficient  flame  zone,  resulting  in  incomplete  release  of  energy 
stored  in  the  furazan  cycle.  For  this  t5T)e  of  compounds,  the  basic  source  of  heat  release  in 
combustion  is  nitriloxide  formed  during  fiirazan  decomposition.  In  contrast  to  other  energetic 
materials  containing  active  oxygen,  such  as  nitrocompounds,  the  main  heat  release  reaction  is  not 
an  oxidation  reaction  but  the  reaction  of  isomerisation  of  nitriloxide  to  isocyanate  rather  than 
oxidation  reaction. 

The  introduction  of  azo-  and  azoxy  groups  as  the  substituents  results  in  increase  of  furazan 
combustion  temperatures,  because  of  the  lower  thermal  stability  of  these  endothermic  groups 
leads  to  a  release  of  their  energies  in  combustion,  however  nitrile  derivatives  still  do  not 
decompose  fully.  The  complete  energy  release  from  the  furazan  cycle  during  combustion  is 
achievable  only  in  the  presence  of  oxidizer:  the  introduction  of  nitro  groups  allows  compounds 
with  very  high  combustion  temperatures  exceeding  4000  K. 
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ABSTRACT 

Combustion  behavior  of  tetrazole  and  5-chlorotetrazole  was  studied  in  the  form  of  pressed  strands  in 
a  window  constant  pressure  bomb  in  the  pressure  range  of  0.1-36  MPa.  Temperature  profiles  in  the 
combustion  wave  were  measured  using  thin  tungsten-rhenium  thermocouples  embedded  in  the  strands. 
Analyses  of  condensed  combustion  products  were  carried  out  by  means  of  IR  spectrophotometry. 

The  principal  feature  of  tetrazole  combustion  has  been  shown  to  consist  in  formation  of  stable 
energetic  nitrile  derivatives  in  the  combustion  products  rather  than  equilibrium  adiabatic  composition, 
resulting  in  incomplete  heat  release.  In  spite  of  decomposition  nature  of  the  rate-controlling  reactions, 
they  prove  to  be  different  than  those  in  slow  thermal  decomposition  at  150-250  °C. 

By  the  example  of  tetrazole,  a  new  combustion  regime  has  been  suggested,  characterized  by  variations 
in  the  surface  temperature.  The  periodic  process  involves  a  gradual  accumulation  of  a  product  of  high 
decomposition/boiling  temperature  at  the  burning  surface,  followed  by  ejecting  thereof  in  the  gas  and 
clearing  the  surface. 

INTRODUCTION 

Tetrazoles,  high-nitrogen  heterocyclic  compounds,  are  of  special  interest  as  energetic 
components  of  propellants  and  gas-generating  systems.  Having  high  internal  energy  content, 
many  of  tetrazole  derivatives  are  capable  of  sustain  burning  at  the  expense  of  heat  produced  at 
thermal  decomposition  of  the  heterocyclic  ring  [1-2].  The  stationary  combustion  of  the  parent 
compound,  tetrazole,  and  temperature  distribution  in  its  combustion  wave  at  atmospheric 
pressure  were  investigated  in  [1-3],  some  thermophysical  characteristics  were  determined  in 
work  [3].  Recent  data  on  thermal  decomposition  of  tetrazole  and  its  derivatives  were 
published  in  [4-8].  Since  just  the  decomposition  reactions  are  at  the  basis  of  combustion  of 
compounds  of  this  class,  the  new  data  stimulate  further  study  of  tetrazole  combustion, 
providing  deeper  understanding  of  the  processes,  what  is  important  in  predicting  its 
performance  in  practical  use.  Besides,  a  knowledge  of  the  combustion  mechanism  of  tetrazoles 
is  important  for  understanding  combustion  behavior  and  mechanism  of  other  endothermic 
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compounds  which  burning  is  also  governed  by  decomposition  reactions.  The  main  goal  of  the 
present  work  was  to  study  flame  structure  and  bum  rate  characteristics  of  tetrazole  derivatives 
in  an  attempt  to  discover  combustion  mechanism. 

Tetrazole,  which  thermodynamic  and  physical  properties  had  been  extensively  investigated  (see 
Table  1),  was  chosen  as  the  basic  object  of  the  study.  5-Chlorotetrazole,  having  the 
electronegative  substituent  at  the  carbon  and  higher  burning  rate,  was  investigated 
simultaneously. 


EXPERIMENTAL 

Tetrazole  was  prepared  from  ethylortoformiate,  sodium  azide  and  ammonium  chloride  by  the 
method  [9].  It  had  melting  point  of  156 '  C  after  the  crystallization  from  alcohol. 

Chlorotetrazole  were  prepared  by  the  diazotization  of  5-aminotetrazole  at  the  presence  of 
copper  chloride  [10].  It  had  a  melting  point  of  73°C  after  the  crystallization  from  benzene. 


Table  1.  Thermodynamic  and  physical  properties  of  tetrazole  and  5-chlorotetrazole 


Properties 

Tetrazole 

Melting  point,  °  C 

156.4[3] 

73  [11] 

Density,  g/cm^ 

1.632 

Strand  density,  g/cm^ 

1.54 

1.79 

Enthalpy  of  formation,  kJ/mol 

237.07[12],  236.0[13] 

201(calc.) 

Enthalpy  of  fusing,  kJ/mol 

17.7[3] 

Enthalpy  of  boiling,  kJ/mol 

79.6[3] 

Enthalpy  of  sublimation,  kJ/mol 

97.3[12];  90.1;88.0[14] 

Heat  of  decomposition,  kJ/mol 

Activation  energy  of  the  decomposition  in  the 

162[3],  216[15] 

condensed  phase(Ec),  kJ/mol 

157[3],  156[8] 

Preexponential  factor  (IgA:),  sec"' 

Activation  energy  of  the  decomposition  in  the  gas 

14.7[3],  14.1[8] 

phase  (Eg),  kJ/mol 

135[8] 

Preexponential  factor  (IgAg),  sec"' 

11.5[8] 

Thermal  conductivity  Q^),  J/sec  -  cm  K 

0,0125[3] 

Specific  heat  (Cp),  J/g  -K 

2.43[3] 

Bum  rate  measurements  were  carried  out  in  a  window  constant  pressure  bomb  of  1.5  liter 
volume.  The  pressure  range  studied  was  0.1-36  MPa.  A  slit  camera  was  used  to  determine  a 
character  of  the  combustion  process  as  well  as  burning  rate  values.  The  combustion  strands 
were  prepared  by  compacting  thoroughly  comminuted  substances  in  transparent  acrylic  tubes 
of  4  or  7  mm  i.d.  at  150-200  MPa. 
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Temperature  profiles  in  the  combustion  wave  of  tetrazoles  were  measured  using  Il-shaped 
thermocouples.  The  thermocouples  were  welded  from  25  or  50  pm  diameter  tungsten — 5% 
rhenium  and  tungsten — 20%  rhenium  wires  and  rolled  in  bands  to  obtain  7  or  20  pm  bead  size. 

RESULTS  AND  DISCUSSION 

At  atmospheric  and  close  pressures,  tetrazole  bums  under  nitrogen  atmosphere  with  crackling, 
forming  copious  white  vapours,  which  condense  as  fine  yellowish  drops  inside  tube  and  at  cold 
surfaces  of  the  bomb.  As  pressure  increases  above  2  MPa,  flowing  off  gases  become  almost 
transparent,  the  condensed  products  of  combustion  are  not  observed.  The  IR-spectroscopy 
data  of  condensed  combustion  products  of  tetrazole  combustion,  wide  band  in  the  range  of 
3080  -  3330  cm"'  (  vN-H),  strong  band  in  the  range  of  2130  -  2245  cm''  (  vC=N),  as  well  as 
the  absorbances  in  the  range  of  1400  -1620  cm''  (5NH2  and  vC=N),  show  that  condensed 
products  consist  of  a  mixture  of  the  cyanamide  and  its  condensation  products:  dicyandiamide 
and,  probably,  melamine. 

Burning  rates  of  tetrazole,  chlorotetrazole  and  some  other  derivatives  in  form  of  4  mm 
diameter  strands  were  measured  in  [1].  In  the  present  work,  burning  rates  of  tetrazole  in  the 
form  of  strands  with  diameter  of  7  mm  have  been  further  measured  (see  Fig.  la).  The  data 
obtained  are  in  a  good  agreement  with  data  obtained  in  [3]  for  strands  of  10-20  mm  diameter 
covered  with  varnish  by  use  of  strain  gauge  technique.  The  discrepancy  between  burning  rates 
for  strands  of  different  diameters  at  low  pressure  indicates  that  heat  losses  play  a  significant 
role  in  combustion  of  tetrazole  in  the  form  of  strands  of  4  mm  diameter. 


Fig.  1.  Pressure  dependence  the  burning  rate  of  tetrazole  derivatives:  a  -  tetrazole,  strands  of 
7 mm  i.d.(l)  and 4  mm  i.d.(2);  b  -  chlorotetrazole. 
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Chlorotetrazole,  which  has  higher  burning  rate  at  atmospheric  pressure  bums  at  invariant  speed 
both  in  tubes  of  4  and  7  mm  i.d.  Its  burning  is  not  accompanied  by  formation  of  condensed 
combustion  products.  At  the  same  time,  a  very  interesting  feature  is  inherent  for  the 
combustion  of  chlorotetrazole  in  the  range  of  1-9  MPa:  pressed  strands  are  not  capable  of 
sustained  burning  (see  Fig.  lb). 

Thermocouple-aided  measurements  allow  the  following  typical  zones  on  the  tetrazole 
temperature  profile  (see  Fig.  2): 

•  molten  layer  extended  from  the  melting  point  (T^)  to  the  surface  temperature  (Ts);  both 
length  of  layer  and  value  of  Ts  are  subject  to  significant  variations; 

•  gas  phase  zone  where  the  temperature  increases  abmptly  from  Ts  to  Ti  within  the  very  thin 
region; 

•  final  gas  phase  zone  where  the  temperature  is  relatively  slow  to  increase  from  Ti  to 
maximal  value  Ttox.  As  pressure  increase  from  1  atm  to  8  atm  somewhat  regular  drops  in 
temperature  are  observed  in  this  zone  as  well  as  in  the  subsequent  region  of  gas  cooling, 
which  are  strongly  smoothed  out  at  13  atm. 

Similar  structure  of  the  flame  (see  Fig.  3)  is  typical  of  chlorotetrazole  combustion  too. 
However,  in  contrast  to  tetrazole,  the  scatter  in  the  measured  lengths  of  zones  and  Tj  is 
significantly  less;  the  areas  of  temperature  fall  in  the  gas  phase  region  are  absent. 


Fig.  2.  Temperature  distribution  in  the  combustion  wave  of  tetrazole  at  8  atm. 
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The  value  of  thermal  difflisivity  (x)  in  the  condensed  phase  of  tetrazole  (3.38  ■  10'^  cmVsec) 
calculated  from  thermocouple  data  using  Michelson  relation  is  in  a  good  agreement  with  value 
(3.34  ■  10'^  cmVsec)  calculated  from  thermal  conductivity  and  specific  heat  directly  measured  in 

[3]. 

At  300  atm,  only  maximal  temperature  of  burning  T„ax  is  measurable  using  thermocouples  with 
20  pm  bead  size.  All  data  of  temperature  measurements  are  collected  on  Fig.  4  and  Table  2. 


Fig.  3.  Temperature  distribution  in  the  combustion  wave  of  chlorotetrazole  at  atmospheric 
pressure. 


Table  2.  Surface  temperature  Tj,  temperature  of  a  gas  zone  near  the  surface  Ti,  and  maximal 
temperature  Tn,ax,  thickness  of  the  molten  layer  (Lcond),  length  of  gas  zone  from  T*  to  Ti  (Lgas) 
and  temperature  gradient  in  the  gas  phase  for  combustion  of  tetrazole  and  chlorotetrazole. 


Compound 

P,  atm  Ta,  °C 

Ti.^C 

T 

*max» 

dT/dx,  Uoncl, 

K/cm(-10-‘')’  pm’ 

Lgas, 

|im“ 

1 

250-302 

968+15 

1138+33 

2.9  -  9.2 

200-400 

50-135 

3.5 

300-422 

978+12 

1200+8 

4.9 -9.2 

70-170 

80-130 

Tetrazole 

8 

368-515 

971±13 

1224±33 

3.3 -8.7 

65-160 

100-170 

13 

328-600 

985±33 

1097+11 

2.7-10.0 

300 

1065+8 

5-Chlorotetrazole 

1 

251+10 

1125±17 

1260+23 

15.1+2.0 

95+5 

60+10 

2.5 

260±18 

1150+18 

1310+14 

10.8+1.0 

50+10 

85+15 

For  tetrazole,  minimal  and  maximal  measured  values  are  given. 
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It  is  interesting  to  note  that  Ti  practically  does  not  vary  with  pressure,  while  maximal 
combustion  temperature  of  tetrazole  shows  a  peculiar  behavior:  with  increasing  pressure  from 
1  to  8  atm  it  grows  and  then  Tmax  falls  on  120-160°C  at  13  and  300  atm.  The  dependence  of 
tetrazole  boiling  temperature  on  pressure  calculated  from  Nernst’s  equation  [16]  is  also 
presented  in  Fig.  4: 

19.15517;  t) 

where  L  is  latent  heat  of  evaporation,  kJ/kg;  M  is  molecular  weight,  kg/mole,  T  and  To  are 
boiling  temperatures  at  pressure  P  and  Po=  \  atm,  respectively.  The  heat  of  evaporation  of 
79.6  kJ/mole  was  obtained  as  the  difference  between  heat  of  sublimation  of  97.3  kJ/mole  [12] 
and  heat  of  melting  of  17.7  kJ/mole  [3].  The  calculation  was  carried  out  on  the  assumption 
that  the  measured  surface  temperature  of  tetrazole  at  atmospheric  pressure  corresponds  to  its 
boiling  temperature.  In  our  opinion,  this  assumption  is  supported  by  the  presence  of  an 
endotherm  at  237°C  at  the  ascending  branch  of  the  decomposition  curve  found  out  during 
tetrazole  thermolysis  in  [3]. 


Fig.  4.  Pressure  dependence  of  characteristic  temperatures  in  the  combustion  wave  of 
tetrazole.  Dashed  line  is  calculated  boiling  temperature  of  tetrazole. 
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Furthermore,  using  kinetic  parameters  of  tetrazole  thermal  decomposition  [8]  it  is  possible  to 
estimate  that  no  more  than  3  %  of  tetrazole  decomposes  in  the  surface  reactive  zone  during 
combustion  at  1  atm.  All  experimental  data  on  the  surface  temperature  are  summarized  on  the 
Fig.  4.  The  minimal  measured  values  are  evident  to  lay  practically  on  the  calculated  boiling 
temperature  of  tetrazole,  whereas  the  maximal  values  are  more  and  more  exceed  the  boiling 
temperature  with  increasing  pressure. 

It  is  interesting  that  the  maximal  measured  temperatures  of  combustion  of  both  tetrazole 
(~1140"C)  and  chlorotetrazole  (-1260  "C)at  atmospheric  pressure  are  much  below  calculated 
adiabatic  combustion  temperatures  of  these  compounds,  1925  and  2180  °C,  respectively.  The 
difference  between  calculated  and  measured  temperatures  could  be  attributed  to  either 
nonequilibrum  composition  of  combustion  products  or  the  incompleteness  of  the  combustion 
due  to  dispersing  of  initial  substance  from  the  surface.  However,  the  last  assumption  was  not 
proved  by  analysis  of  the  condensed  combustion  product,  in  which  there  was  no  initial 
tetrazole  detected. 


To  anticipate  a  nonequilibrum  composition  of  combustion  products,  there  is  a  need  to  examine 
possible  ways  of  thermal  decomposition  of  tetrazole  derivatives.  Recent  studies  devoted  to 
kinetics  and  mechanism  of  thermal  decomposition  of  tetrazole  and  its  derivatives  in  the  interval 
150-230  °C  [7,8]  show  the  first  reaction  order  of  the  process.  For  both  the  gas  phase,  where 
tetrazole  2/f-tautomer  n  is  dominate,  and  melt  or  solutions,  where  tautomer  equilibrium  is 
shifted  to  more  polar  7ff-tautomer  I[17],  the  IH-iorm  of  tetrazole  cycle  is  supposed  to  liberate 
N2  molecule,  whereas  the  y^T-form  is  almost  stable  under  these  conditions.  The  decomposition 
mechanism  includes  fast  reversible  transformation  of  the  IH-  h  2//-forms,  reversible  opening 
of  the  2H-ioua  n  following  by  the  formation  and  decomposition  of  intermediate  diazo 
compound  m  to  form  N2  and  nitrilimine  IV,  further  transformations  of  which  are  not 
discussed  in  [8]  as  having  little  effect  on  the  decomposition  kinetics  under  the  experimental 
conditions: 


''XV  ...^ 
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The  parallel  routes  of  the  decomposition  are  not  supposed  to  contribute  considerable  to  the 
observed  rate  constants. 

The  formation  of  intermediate  nitrilimine  has  been  proposed  by  many  authors.  For  thermolysis 
products  of  5-phenyltetrazole  [18],  analysis  of  reaction  products  suggests  that  about  80%  of 
tetrazole  decomposes  to  form  nitrilimine  PhC'"=N-N  H  and  only  20%  of  it  destroys  to  give 
PhCNandHNs. 

The  authors  of  work  [19]  also  point  out  insignificant  (~  5  %)  contribution  of  tetrazole 
decomposition  in  melt  to  form  HNj  and  HCN.  The  decomposition  scheme,  however,  includes 
isomerization  of  the  f/f-form  I  to  azidoazomethyne  V  followed  by  the  formation  of  nitrene  VI. 
This  scheme  is  based  on  the  fact  that  tetrazole  thermolysis  leads  to  formation  a  high- 
thermostable  compound  Vin  representing  a  polymerization  product  of  the  cyanamide  Vn  : 


N-N 


U 

N. 


N 


H 


Rapid  thermal  decomposition  of  5-aminotetrazole  in  an  interval  25-300°C  was  studied  in  [4] 
with  rapid-scan  FTIR-spectroscopy  to  result  in  formation  of  HN3  and  H2NCN  in  the  gas  phase 
above  a  sample  surface  at  the  beginning  of  decomposition  followed  by  appearance  of  a 
condensation  product  which  was  identified  as  melamine  (trimer  of  cyanamide). 


When  thermolysis  of  tetrazole  takes  place  in  the  gas  phase,  only  minor  amounts  of  polymer 
Vin  are  formed.  The  main  gas  products  are  hydrogen,  nitrogen  and  hydrogen  cyanide 
produced  in  the  opinion  of  authors  of  work  [19]  in  the  decomposition  of  nitrilimine  IV; 


N=N 

h-n.^^h 

n 
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H-N.  ^  HCN+1.5Nj+0.5H, 

TV 


A  correlation  between  combustion  temperatures  calculated  for  various  tetrazole  decomposition 
channels  and  measured  combustion  temperatures  allows  choosing  between  possible 
decomposition  routes.  Table  2  and  Table  3  show  that  temperature  in  the  gas  phase  directly 


171  -  9 


above  the  surface  (Ti)  is  in  a  good  agreement  with  the  calculated  temperature  of  the 
decomposition  to  give  HCN,  H2  and  N2. 


Table  3.  Combustion  temperatures  calculated  for  various  decomposition  routes  of  tetrazole 


Combustion  products 

Combustion  temperature,  °  C 

Equilibrium  composition 

0.97  H2,  1.99  N2,  0.95  C(cond.),  0.05  HCN 

1925 

Non-equilibrium  composition 

0.5  H2,  1.5  N2,  HCN 

990 

0.5  H2,  1.5  N2,  0.33  (HCN)3  (1,3,5-triazine) 

1707 

N2,  H2NCN 

1770 

N2,  0.5  NCNHC(=NH)NH2 

2100 

N2,  0,33  (H2NCN)3  (melamine) 

2420 

This  is  surprising  at  first  glance  result  because  the  tetrazole  thermolysis  in  the  melt  at 
temperatures  close  to  the  surface  temperature  is  bound  to  proceed  through  the  main 
decomposition  route  to  form  condensation  products  of  nitrilimine  rather  than  HCN.  This 
decomposition  route  is  supported  by  formation  of  condensed  products  during  combustion  as 
well  as  significant  difference  between  maximal  experimental  values  of  the  surface  temperature 
and  calculated  tetrazole  boiling  temperature.  This  difference  is  likely  to  be  connected  with 
accumulation  of  high-boiling  decomposition  products  in  the  tetrazole  molten  layer.  Since  these 
are  compounds  less  endothermic  than  HCN,  calculated  combustion  temperatures  prove  to  be 
significantly  (>500°C)  above  experimental  ones.  The  contribution  of  these  decomposition 
routes  can  be  estimated  by  comparing  the  maximal  tetrazole  combustion  temperatures  Tmax 
(see  Table  2)  with  ones  provided  by  decomposition  to  HCN  to  be  10-20%. 

The  difference  between  thermolysis  at  150-250°C  and  burning  is  in  particular  conditions  of  the 
latter:  short  residence  time  of  substance  in  the  reaction  zone  and  the  fact  that  the  reaction 
products  and  unreacted  substance  are  thrown  in  the  high-temperature  gas  zone  immediately 
after  a  reaction  in  the  molten  layer.  At  high  temperatures  reactions  with  higher  activation 
energy  go  faster.  Therefore  it  may  be  suggested  that  the  tetrazole  decomposition  pathway  to 
HCN,  giving  a  small  contribution  to  the  general  decomposition  at  surface  temperatures,  due  to 
the  high  energy  of  activation  [7],  becomes  determining  one  in  high-temperature  flame  zone. 
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For  the  same  reason  decomposition  of  the  formed  polymeric  products  has  a  low  rate  in  the 
molten  zone,  whereas  in  the  flame  zone  it  proceeds  very  quickly  to  form  NH2CN  and  then 
HCN.  The  formation  of  nitrilimine  condensation  products  under  these  conditions,  on  the 
contrary,  proceeds  with  low  rate  because  the  concentration  decreases  more  than  1000  times 
when  passing  from  the  condensed  to  the  gas  phase. 

The  distinction  in  rate-determining  reactions  between  combustion  process  and  decomposition 
in  the  interval  of  150  -  300  "C  is  additionally  supported  by  different  electronic  effects  of  the 
substituents  in  the  tetrazole  molecule  on  the  rate  of  burning  and  thermal  decomposition. 
Kinetics  parameters  of  thermal  decomposition  of  5-tetrazolyltetrazole  (Hammett’s  constant  of 
the  tetrazolyl-substituent  a  ~  0.4)  and  5-phenyltetrazole  (o  =  -0.01),  as  well  as 
5-(m-nitrophenyl)-,  methyl-  and  ethyltetrazole  given  in  [8]  do  not  practically  differ,  while  the 
mass  burning  rate  of  5-substituted  tetrazoles  varies  4-5  times  with  change  of  Hammett’s 
constant  by  approximately  0.4  [1,  2]. 

Combustion  of  5-chlorotetrazole  has  much  in  common  with  burning  of  tetrazole.  The 
measured  combustion  temperature  is  closest  to  the  temperature  of  chlorotetrazole  conversion 
to  nitrile-containing  products  of  dicyan  type  (see  Table  2  and  Table  4.).  In  contrast  to  tetrazole 
the  decomposition  of  chlorotetrazole  does  not  result  in  formation  of  more  high-boiling  or 
thermostable  products:  cyanuric  chloride  (C1CN)3,  a  possible  eondensation  product  boiling 
temperature  of  190°C  that  is  below  the  measured  surface  temperature.  Smooth  appearance  of 
chlorotetrazole  temperature  profiles  confirm  this  suggestion. 


Table  4.  Combustion  temperatures  calculated  for  various  decomposition  routes  of 
5-chlorotetrazole 


Combustion  products 

Combustion  temperature,  *  C 

Equilibrium  composition 

0.9  HCl,  0.1  Cl,  0.04  H2,  1.99  Nz,  0.02 HCN,  0.97  C(cond.) 

2180 

Non-equilibrium  composition 

O.5H2,  1.5N2,C1CN 

625 

0.5  H2,  1.5  N2,  HCl,  0.5  (CN)2 

1220 

0.5  H2,  1.5N2,C1CN 
0.5  H2,  1.5  N2,  HCl,  0.5  (CN)2 
0.5  H2,  1.5  N2,  0.33  (C1CN)3 


1300 
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According  to  [20]  the  temperature  gradient  of  in  the  gas  phase  ( '^ )  depends  on  rate  of 

reaction  responsible  for  heat  release  (Wg),  which,  in  turn,  depends  on  the  concentration  of 
reacting  substances  [C]: 

dT  jVgQg  _^[Cr(T^-TJ 

fife  U„c^  ^ 

here  k  is  constant  of  reaction  rate  at  flame  temperature  Tf,  n  is  reaction  order,  U„,  is  mass 
burning  rate,  Cg  is  speciflc  heat  of  gas,  Qg  is  heat  evolved  in  gas  phase. 

Since  tetrazole  combustion  is  characterized  by  surface  temperature  cycling,  the  share  of  the 
substance  to  be  decomposed  in  the  condensed  phase  will  also  be  variable  will  effect  on  the 
temperature  gradient  in  the  gas  phase.  As  evident  from  Table  2,  a  wide  scatter  in  the  measured 
values  of  the  temperature  gradient  is  observed,  with  larger  gradients  corresponded  to  the  least 
values  of  the  surface  temperature,  and  vice  versa.  Using  equation  (1),  it  is  possible  to  estimate 
a  ratio  between  temperature  gradients  at  various  pressures  and,  by  comparing  the  calculated 
values  with  experimental  ones,  to  assess  a  reaction  order  in  the  gas  phase.  Substituting  boiling 
temperature  as  Ts,  and  Ti  asTfin  (1),  and  neglecting  decomposition  in  the  condensed  phase 
P 

(i.e.,  [C]  =  — — )  one  can  easily  find  that  changing  pressure  1  to  8  atm  will  result  in  increase  in 
RT^ 

temperature  gradient  by  factor  1.1  for  the  first  reaction  order  and  8.8  for  the  second  reaction 
order.  As  seen  from  Table  2,  the  maximal  values  of  the  temperature  gradient  in  the  gas  phase 
of  tetrazole  (i.e.,  at  the  surface  temperature  close  to  the  boiling  temperature)  differ  slightly. 
A  weak  dependence  of  the  temperature  gradient  on  pressure  is  likely  to  suggest  the  first  order 
of  heat  release  reaction  in  the  gas  phase,  which  can  be  attributed  to  the  reaction  of  tetrazole 
decomposition  to  HCN. 

Similar  estimation  of  gradient  variation  for  chlorotetrazole  when  pressure  changes  from  1  to 
2.5  atm  gives  a  value  1.16  for  the  first  order.  An  unusual  decrease  in  the  temperature  gradient 
with  pressure  is  indicative  of  a  decrease  in  the  rate  of  heat  release  in  the  gas  phase  caused  by 
reducing  vapor  concentration  because  of  increasing  decomposition  in  the  condensed  phase. 

It  is  significant  that  a  role  of  the  gas  phase  in  combustion  of  both  tetrazole  and  chlorotetrazole 
reduces  considerably  as  pressure  increases  from  1  to  10-20  atm,  that  can  be  judged  from 
magnitudes  of  the  temperature  gradient  as  well  as  its  peculiar  dependence  on  pressure. 


171  -  12 


A  pattern  of  tetrazole  combustion  can  be  conceived  of  as  follows:  the  surface  temperature  of 
tetrazole  is  initially  the  boiling  temperature,  with  the  main  heat  for  combustion  coming  from 
the  gas  phase.  As  combustion  proceeds,  the  decomposition  product,  despite  of  an  insignificant 
share  of  decomposition  in  the  condensed  phase,  accumulates  in  the  boiling  layer  owing  to  its 
high  boiling  (or  decomposition)  temperature  thus  increasing  its  temperature  and  resulting  in  an 
increased  share  of  decomposition  in  the  melt.  At  some  time  the  surface  temperature  achieves 
such  a  value  that  gas  evolution '  in  the  condensed  phase  increases  to  point  where  an  ejection  of 
the  accumulated  layer  of  high-boiling  condensed  products  (melamine)  happens.  The  surface 
temperature  returns  back  to  the  tetrazole  boiling  temperature  and  the  process  is  repeated  again. 
A  portion  of  the  condensed  products  having  been  thrown  into  a  high-temperature  zone 
undergoes  to  endothermic  decomposition  to  NH2CN  and  further  to  HCN.  However  at  low 
pressures,  the  drops  do  not  all  have  time  to  be  decomposed.  Small  regular  temperature  falls, 
seen  on  profiles  in  the  pressure  region  of  1  -  8  atm  are  likely  to  result  from  hitting  colder  drops 
to  the  thermocouple.  Since  the  formation  of  both  cyanamide  and  its  condensation  products 
(dicyandiamide  and  melamine)  is  more  favorable  from  the  energetic  standpoint  than  the 
formation  of  HCN,  the  maximal  combustion  temperature  T^ax  exceeds  one  that  can  be  obtained 
in  decomposition  to  HCN  when  a  part  of  the  condensed  product  do  not  decompose  in  the 
flame  zone.  Besides,  if  a  part  of  the  condensed  products  passes  through  the  flame  zone 
accessible  for  the  thermocouple  without  evaporating,  it  will  also  promote  overestimating  the 
gas-phase  temperature.  As  the  maximal  surface  temperature  at  which  the  ejection  of  tetrazole 
decomposition  products  to  the  gas  can  happen,  grows  with  pressure  (solubility  of  gas  in  the 
melt  increases  with  pressure),  there  comes  a  point  at  the  pressure  more  that  13  atm,  where  the 
tetrazole  decomposition  reaction  in  the  condensed  phase  to  form  HCN  becomes  dominant. 
Besides,  increasing  pressures  favorable  for  more  effective  evaporating  the  drops  which  have 
taken  off  from  the  surface,  resulting  in  homogeneous  gas-phase  zone  observed  in  profiles  at 
high  pressures.  At  the  same  time,  the  maximal  temperature  is  reduced  and  approaches  to 
tetrazole  combustion  temperature  to  produce  HCN, 

As  with  tetrazole,  the  basic  reaction  proceeding  in  combustion  of  5-chlorotetrazole  is  also 
decomposition  reaction  to  form  nitrile  derivatives.  The  absence  of  thermostable  substances 

'  In  this  case  the  surface  temperature  caimot  be  equal  to  boiling  temperature  of  the  fonned  decomposition 
product  because  the  calculated  enthalpy  of  evaporation  from  the  maximal  measured  surface  temperatures  gives 
36  kJ/mole.  approximately  2  times  less  than  enthalpy  of  low-boiling  tetrazole. 


171  -  13 


among  the  combustion  products  simplifies  physico-chemical  processes  during  burning.  A  large 
temperature  gradient  at  atmospheric  pressure  is  indicative  of  the  leading  role  of  the  gas  phase. 
As  the  pressure  grows,  however,  a  significant  drop  in  the  gradient  in  parallel  with  increasing 
surface  temperature  is  likely  to  testify  a  transition  of  the  main  heat  release  reaction  from  gas  to 
the  condensed  phase.  The  absence  of  steady-state  combustion  of  5-chlorotetrazole  within  the 
region  of  10-90  atm  can  probably  be  connected  with  total  transition  of  the  heat  release  reaction 
to  the  condensed  phase  at  pressures  more  than  10  atm.  Unfortunately,  the  lack  of  information 
on  kinetic  data  of  5-chlorotetrazole  decomposition  does  not  allow  clear  explanation  of  the 
reason  for  its  combustion  instability. 


CONCLUSION 

Combustion  mechanism  of  energetic  materials  which  burning  proceeds  at  the  expense  of  heat 
evolved  during  decomposition  reactions  has  been  shown  to  differs  significantly  from  the 
combustion  mechanism  of  redox  systems.  The  main  feature  of  burning  of  tetrazoles,  as  well  as 
related  organic  azides  [21],  lies  in  the  fact  that  in  the  absence  of  oxidizing  agents  the 
combustion  process  is  accomplished  by  formation  of  thermostable  high-energy  nitrile 
derivatives  rather  than  adiabatic  equilibrium  combustion  products,  resulting  in  incomplete  heat 
release.  In  spite  of  decomposition  nature  of  the  rate-controlling  reactions,  they  prove  to  be 
different  than  those  in  slow  thermal  decomposition  at  150-250  ®C. 

By  the  example  of  tetrazole,  a  new  combustion  regime  has  been  suggested,  characterized  by 
variations  in  the  surface  temperature.  The  periodic  process  involves  gradual  accumulation  of  a 
product  with  high  temperature  of  decomposition/boiling  at  the  burning  surface,  followed  by 
ejecting  thereof  in  the  gas  and  clearing  the  surface. 


ACKNOWLEDGMENTS 

The  authors  are  grateful  to  A.I.Levshenkov  for  assistance  with  tetrazole  preparation.  The  work 
was  supported  by  Russian  Fund  of  Fundamental  Researches  (grant  97-03-32402). 

REFERENCES 

1.  Fogelzang,  A.E.,  Egorshev,  V.Yu.,  Sinditskii,  V.P.,  Dutov,  M.D.,  Solov’ev  M.Yu. 
Research  of  Combustion  of  Tetrazole  and  its  Derivatives,  Proc.IX  All-union.  Symp.  on 
Combustion  and  Explosion.  Combustion  of  condensed  system.  Chernogolovka,  1986, 
pp.  3-5,  129-1 3 l(in  Russ). 

2.  Fogelzang,  A.E.,  Egorshev,  V.Yu.,  Sinditskii,  V.P.  Influence  of  Chemical  Nature  of 
Substituent  on  the  Burning  Rate  of  5-Substituent  Tetrazoles.  Proc.  17  Inter.  Pyrotech. 
Sem.,  Oct.,  28-31,  1991,  Beijing,  China,  vol.2,  pp. 618-623. 


171  -  14 


3.  Lesnikovich,  A.I.,  Printsev,  G.V.,  Ivachkevich,  O.A.,  Lutsko,  V.A.,  Kovalenko,  K.K. 
Combustion  of  Tetrazole.  Fizika  gorenia  i  vztyva,  1988,  vol.24,  N  5,  pp. 48-51  (in  Russ.). 

4.  Gao,  A.,  Ojnimi,  Y.,  Brill,  T.B.  Thermal  Decomposition  of  Energetic  Materials  49. 
Thermolysis  Routes  of  Mono-  and  Diaminotetrazoles.  Combustion  and  Flame,  1991, 
vol.  83,  pp.345-352. 

5.  Lesnikovich,  A.I.,  Levchik,  S.V.,  Balabanovich,  A.I.,  Ivachkevich,  O.A.,  Gaponik,  P.N. 
Thermochim.  Acta,  1992,  vol.  200,  pp.  427-441. 

6.  Nikichev,  Yu.  Yu.,  Sia&llin,  I.Sh.,  Klushnikov,  O.P.  Quantum-chemical  Index  of  Reactivity 

of  Heteroaromatic  Compounds  in  Homolytic  Cyclodecomposition  Reactions.  Kinetics  and 
Catalysis,  1993,  vol.  34,  N  6,  pp. 969-971  (in  Russ  ). 

7.  Prokudin,  V.G.,  Poplavsky,  V.S.,  Ostrovsky,  V.A.  The  Mechanism  of  Monomolecular 
Thermal  Decomposition  or  1,5-  and  2,5-  Disubstituted  Tetrazoles.  Izvestia  Akademii  Nauk. 
Seria  khim.,  1996,  N  9,  pp. 2209-2215  (in  Russ!). 

8.  Prokudin,  V.G.,  Poplavsky,  V.S.,  Ostrovsky,  V.A.  The  Mechanism  of  Monomolecular 
Thermal  Decomposition  or  Tetrazole  and  its  5-Substituted  Derivatives.  Izvestia  Akademii 
Nauk.  Seria  khim.,  1996,  N  9,  pp.2216-2219  (in  Russ.). 

9.  Gaponik,  P.N.,  Karavai,  V.P.  Vestnik BGU,  seria  khim.,  1980,  vol. 3,  p.51(in  Russ.). 

10.  Stolle,  R,  Ber.,  1929,  vol.62,  p.ll23. 

11.  Benson,  F.R.  The  Chemistry  of  the  Tetrazoles.  Chem.Rev,  1947,  vol. 41,  p.  1. 

12.  McEvan,  M.S.,  Riss,  M.W.  J.  Amer.Chem.Soc.,  1951,  vol.  73,  pp. 4725-4727. 

13.  Matushin,  Yu.N.,  Lebedev,  V.P.  Thermochemical  Properties  of  Mononitroderivatives  of 
Azoles  and  Oxadiazoles,  Proc.  28“  Int.  Annual  Conference  of  ICT,  Karlsruhe,  1997,  June 
24-27,  pp.98-1+98-10. 

14.  Kozyrev,  A.A.,  Simirskii,  V.V.,  Krasylin,  A.P.  et  al.  Russ.  J.  Rhys.  Chem,  1990,  vol. 64, 
N  3,  pp.  656-661(in  Russ  ). 

15.  Matsuzawa,  T.,  Itoh,  M.,  Aral,  M.,  Tamura,  M.  Proc  22  Inter.  Pyrothech.  Sem.,  15-19 
July  1996,  Colorado,  pp.3 17-323. 

16.  Brodskii,  A.I.  Physical  Chemistry,  Moscow,  Nauka,  1948,  vol.l. 

17.  Wong,  M.W.,  Leung-Toung,  R.,  Wentrup,  C.  Tautomeric  Equilibrium  and  Hydrogen 
Shifts  of  Tetrazole  in  Gas  Phase  and  in  Solution.  J.Am.Chem.Soc.,  1993,  vol.  115,  pp.2465- 
2472. 

18.  Huisgen,  D.R.  Angew.Chem.,  1960,  Bd.  72,  No.l  1,  pp. 359-390. 

19.  Ivachkevich,  O.A.,  Krasitsky,  V.A.,  Lesnikovich,  A.I.,  Astashinsky,  V.M.,  Kostyukevich, 
E.A.,  Khusid,  B.M.,  Mansurov,  V.A.  Liquid-Flame  Combustion  II.  Combustion  and 
Flame,  1997,  vol.  110,  pp.  113-126. 

20.  Kubota,  N.,  Ishihara^  A.  Analysis  of  the  Temperature  Sensitivity  of  Double-based 
Propellants,  Proc.  20"^  Symp.  on  Comb.,  1984,  pp. 2035-2041. 

21.  Fogelzang,  A.E.,  Egorshev,  V.Yu,  Sinditskii,  V.P.,  Dutov,  M.D.  Combustion  of 
Nitroderivatives  of  Azidobenzenes  and  Benzofuroxans.  Combustion  and  Flame,  1991, 
vol.87,  pp.  123-135. 


172 


1 


POLYURETHANES  AS  A  RASIS  FOR 
NEW  MATERIALS  AND  NEW  PROCESS 
ENGINEERINGS 

Vladimir  A.  Vilensky,*  Ludmila  A.  Goncharenko,* 

Serg-ey  I.  Azarov,'^  Ludmila  N.  Vilenska"^ 

*  Institute  of  Macromolecular  Chemistry  of  National  Academy  of 
Sciences  of  Ukraine, Kharkov  Chausse, 48, Kyiv, 253160,  Ukraine 
Institute  for  Nuclear  Reaserches  of  National  Academy  of  Scieces 
of  Ukraine,pr.Nauki, 47, Kyiv, 252026,  Ukraine 

It  is  shown  in  this  paper  how  modern  methods  of  synthesis  and 
modification  of  polyurethanes  peimit  to  give  them  the  properties  of 
thermosensitive  ion-conducting  materials  or  polymer  composites. 

Among  polyblock  systems  the  special  place  belongs  to 

block-copolyurethanes  or  segmented  polyurethanes,  in  which  alternating 
soft  and  hard  segments  are  bonded  by  urethane  or  urethane  urea  groups. 
The  possibility  of  inclusion  into  maKromolecular  chain  of  blocks 
(segments)  with  polar  groups,  energy  of  which  can  differ  by  a  factor 
of  10~  -  10^  distinguishes  the  urethane  containing  block  copolymer  into 
the  special  class  of  polymers,  having  no  analogs.  The  progress  in  the 
field  of  the  research  of  the  structure  and  properties  of  segmented 
polyurethanes  develops  both  on  a  path  of  synthesis  of  polymeric 
materials,  including  on  a  base  of  new  intermonomers,  and  on  a  path  of 
their  physicochemical  and  physical  modification.  The  examples  of 
similar  modification  are  stated  below. 

In  papers  [1-41  it  was  shown,  that  crown-containing  polymers  are 
capable  to  sorb  the  salts  of  univalent  metals  from  their  aqueous  and 
alcoholic  solutions,  incidentally  crown  ethers  coordinate  cations  and 
thus  limit  their  mobility  (>i).  The  charge  transport  is  carried  out  by 
anion  [4],  being  in  intermolecular  space  and  possessing  a  greater 
degree  of  freedom;  the  solutions  of  cation-active  polyurethane  iono- 
mers,  "charged"  by  potassium  perchlorate,  gain  high  ionic 
conductivity.  However  till  now  very  few  systematic  researches  on 
influence  of  changes  in  the  structure  of  macrochain  of  crown-containing 
polyurethanes  and  their  hydrophilic  and  hydrophobic  component  ratio  on 
ionic  conductivity  in  condensed  state  are  known  [3-51. 

In  this  connection  the  objective  of  the  given  paper  was  synthesis 
of  polyurethanes  (PU)  and  polyurethane  semi car baz ides  (SPU),  fragments 
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of  hard  blocks  of  which  are  macrocycles,  the  research  of  their 
structure,  thermal  properties  and  ionic  conductivity. 

Phosphor  containing  PU  and  SPU  were  synthesized  by  prepolymer 
method  16],  at  the  first  stage  of  which  macrodi isocyanate  was  obtained 
at  the  temperature  333-353K  on  the  base  of  4,4’-diphenylmethane 
diisocyanate  (4.4’-DPhMDI)  or  mixture  of  isomers  2,4-  and  2,6-tolylene 
di isocyanate  (TDI)  and  one  of  oligoethers  -  oligotetramethylene  glycol 
with  molecular  mass  1000  (OTMG-IOOO)  or  2000  (OTMG-2000)  at 
oligoether-di isocyanate  proportion  1:2.  On  the  second  stage  of 
synthesis  we  have  carried  out  extending  of  macrodi  isocyanate  by 
tetrahydrazides  or  macrodiols  DB18K6  and  DB24K8.  Synthesis  have  been 
carried  out  at  the  temperature  350-360K  until  exhaustion  of  free 
NCO-groups,  what  have  been  determined  by  disappearance  of  the 
absorption  band  2270  cm~^  in  IR-spectra.  Transparent  sparkling  films 
with  high  physicochemical  characteristics  were  preparated  from  20% 
solutions  of  SPU.  The  metal  salts  CuCls^SHoO  and  FeCl3T*6H20  were 
introduced  in  crown-containing  polymers  in  dimethyl  phormamide 
solution  in  the  ratio  crown-ether  -  metal  1:1.  Conductivity  of  the 
samples  of  PU  and  SPU  was  investigated  in  solution  and  in  condensed 
state  with  the  help  of  of  the  instrument  E6-13A  in  specially  made 
containers  and  cells.  Supermolucular  structure  was  investigated  by 
X-ray  small  angle  scattering  with  the  help  of  installation  KRM-1  with 
beam  collimation  by  Kratky.  Calorimetric  researches  have  been  carried 
out  by  scanning  microcalorimeter  in  temperatures  range  170-420K,  mass 
of  the  sample  was  0,07  g  at 'the  speed  of  heating  2'^C/min.  An  evaluation 
of  ionic  conductivity  crown-containing  polymers  should  begin  from  study 
of  sorption  ability  of  film-forming  materials.  With  this  objective 
complex  formation  was  estimated  by  imbedding  of  polymeric  films  in  hot 
(333K)  20%  a  aqueous  metal  chloride  solution. After  the  endurance  during 
30  min  films  were  dried  and  investigated,  the  data  of  these  researches 
are  offered  in  table  l. 
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Table  1.  Complexing  ability  of  phosphorus-containing 

polyurethane  semi carbaz ides  based  on  DB18K6  and  DB24K8. 
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- T" 
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15 
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From  table  l,  where  data  on  ionic  diameters  of  alkaline  and 
alkaline-earth  metals  are  also  given,  the  manifestation  of  selective 
absorption  by  crown  ethers  is  visible.  Proceeding  from  a  character 
of  dependence  of  absorption  on  a  diameter  of  a  cation,  it  is 
possible  to  consider,  that  comple.x  formation  crown  ether  -  metal 
occurs  by  absorption  of  metal,  instead  of  sandwich  compound  forming. 
An  accuracy  of  this  supposition  we  see  in  that  the  mobility  of  crown 
ether  is  limited  by  its  covalent  bonds  in  macrochain  of  polymer.  In 
development  of  the  research  of  extractive  ability  of  our  polymers  we 
used  the  method  of  equilibrium  distribution  of  picric  acid  salts  in 
two  incompatible  solvents  water  -  chloroform.  The  constant  of 
extraction  equilibrium  was  calculated  by  expression: 

Kexp  -  Of/  [a%(i  -  a)  (Lo/(Ao  -  of))],  (1) 

where  of  -  metal  picrate  share,  which  was  extracted  into  the  organic 
phase,  and  a+  -  activity  of  the  cation  in  aqueous  phase;  Lq  and  Ao  - 
initial  concentrations  of  crown-containing  polymer  and  picrates  of 
investigated  metals  accordingly.  In  table  2  data  on  extraction 
ability  of  investigated  polymers  are  offered. 
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Table  2.  Extract ioa  and  extraction  equilibrium  constants  of 
phosphorus-containing  PU  with  DB18K6  and  DB24K8  fragments. 
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From  the  table  it  is  possible  to  observe  the  dependence, showing  that 
the  selectivity  of  metal  ions  is  reduced  in  a  sequence: 

>  Na"^  >  Li*  >  Ni*^  >  Ca*~  >  Ba*~  >  Ce*  >  Pb'*’^  . 

At  the  same  time  this  sequence  will  badly  agree  with  the  selective 
ability  of  the  ether  DB18K6  and  polymers  with  its  Involvement,  as  it 
follows  from  data  [31. 

The  researches  have  shown,  that  phosphorus  -  containing  PU, 
distinguishing  by  the  ratio  between  hydrophilic  and  hydrophobic 
components  and  "charged"  by  sorbed  electrolytes,  possess  ionic 
conductivity.  Specific  conductivity  of  PU  was  estimated  on  the 
technique,  used  for  the  study  of  ionites  conductivity.  The  obtained 
data  were  put  into  a  base  of  calculations  of  electrochemical  mobility 
of  ions  in  polymers,  being  in  an  equilibrium  with  0,01M  KCl,  NaCl  and 
LiCl  solutions  in  ethanol  (table  3). 
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Table  3.  The  Influence  of  polyurethane  structure  on  charge 
carriers  mobility  in  polyelectrolytes  based  on  metal  chlorides. 
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_ 1 

It  is  possible  to  make  a  conclusion  from  the  data  of  the  table,  that 
for  small  concentration  of  an  electrolyte  the  cations  exhibit  smaller 
mobility,  than  anions,  and  this  outccxne  will  be  agreeed  with  the  data 
for  crown  containing  polymers  of  other  structure.  Basically  such 
outcome  can  be  considered  as  natural,  as  the  mobility  of  cations  is 
limited  by  complex  Me  -  crown-ether,  whereas  the  mobility  of  an  anion 
is  determined  by  such  factors,  as  its  building,  concentration  and  the 
structure  of  condensed  medium. 

The  unsufficiency  of  experimental  data  about  the  role  of  the 
structure  of  condensed  state  of  crown-containing  PU  and  SPU  in  ionic 
conductivity  [31  has  determined  the  necessity  of  such  research. In  141 
crown-containing  SPU,  distinguished  by  the  structure  of  hydrophilic 
and  hydrophobic  components  of  polymer,  crown-ether  and  complex  crown 
ether  -  metal  were  Inwestlgated.  The  date  permit  to  conclude,  that  the 
specific  resistance  does  not  exhibit  the  strong  dependence  on  a 
chemical  building  of  units  of  SPU  structure.  This  regularity  is 
broken  when  transition  to  polymer,  containing  the  complex  crown-ether 
-  metal.  Thus  the  value  of  a  specific  resistance  is  reduced  by  a 
factor  of  10®  -  10^  in  dependence  on  nature  of  metal,  l.e.  a 
ferromagnetic  metal  in  the  structure  of  complex  renders  the  greater 
influence  upon  decrease  of  the  value  of  specific  resistance  of  SPU  in 
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comparison  with  metal  diamagnetic.  In  paper  [41  it  was  shown  by  us. 
that  in  polyurethane  ureas  based  on  DB18K6  and  DB24K8  specific 
resist^ce  of  polymers  decreases  in  the  event  of  increasing  the 
difference  Ti  -  Tg-  (Ti  -  temperature  of  resistance  measuring). 

In  this  connection  it  was  of  great  interest  to  investigate  the 
temperature  dependence  of  specific  resistance  of  SPU  (U-IOV)  in  the 

range  of  temperatures  290  -  370K,  where  segmental  relaxation  of  hard 

(hydrophobic)  component  of  polymer  occurs.  In  fig.l  temperature 
dependences  of  logarithm  of  specific  resistance  of  number  of  crown 
containing  PU,  distinguishing  by  the  structure  of  soft  segment  and  its 
molecular  mass  (curves  1.2  and  3)  and  structure  of  hard  segment 

(curves  3  and  4)  are  offered.  The  curves  of  specific  resistance  (p) 

are  good  approximated  by  the  logarithmic  function.  From  figure  it  is 
visible,  that  an  interval  of  change  of  log  p  is  more  in  polymers, 
oligoetrher  segment  of  which  is  not  declined  to  microphase  separating 
with  hard  blocks  of  PU  (compare  curves  1  and  2).  The  amplification  of 
microphase  separating  owing  to  crystallization  processes  in  oligoether 
segment  OTMG-2000  promotes  the  extension  of  interval  of  temperature  de¬ 
pendence  of  log  p, however  a  more  effective  method  of  the  amplification 
of  thermosensibility  of  PU  is  the  substitution  of  symmetrical  DPhMDI  for 
asymmetrical  2, 4-TDl  (comp,  curves  1,  3  and  4).  Above  we  mentioned  the 

role  of  the  magnetic  characteristics  of  metal  in  the  structure  of 
complex  crown-ether  -  metal  at  Isothermal  measurements  of  p.  The  data 
of  fig.  2  spread  these  results  on  area  of  segmental  relaxation  of  hard 
blocks  of  crown-containing  polymers,  macrochelates  of  which  contain 
various  metals.  From  figure  it  is  possible  to  conclude,  that  for  carry 
of  charge  with  involvement  of  the  iron  cation  (ferromagnetic)  the 
greater  current  is  necessary,  however  the  temperature  range  of  change 
of  log  p  is  much  less,  than  in  case  of  diamagnetic  -  copper,  and 
practically  does  not  depend  on  the  structure  of  the  repeated  unit  of 
polymer  (comp,  curves  2,4  with  curves  1,3). 

It  is  natural,  that  such  unique  dependence  of  specific  resistance 
on  temperature  in  ion-  containing  polymers  has  predetermined  the 
necessity  of  study  of  mobility  of  current  carriers.  For  the  evaluation 
of  mobility  (p)  the  expression  t71  was  used: 

p  -  dr/x  U,  (2) 

where  d  -  width  of  film,  U  -  potential,  affixed  on  a  sample,  x  -  peak 
of  maximum  on  time  dependence  of  motion  of  space  charge  at  constant 
potential  U-0,8V.  Fig.  3  shows,  that  the  detected  feature  of 
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temperature  dependence  of  ionic  conductivity  of  SPU  has  more  deep 
essence,  than  it  is  characteristic  to  the  conductors  or  semiconductors. 
It  is  known,  that  basically  the  growth  of  ion  mobility  results  in 

dissipation  of  energy  owing  to  processes  of  impact  of  carters  and 
decrease  of  free  range.  In  given  case  the  increasing  of  current  in 
researched  range  of  temperatures  is  accomparued  by  increase  of 
mobility  of  copper  ions  in  the  range  303-363K  and  consequent  decrease 
of  it  in  the  range  333-363K.  This  natural ity  is  kept  irrespective  of 
structure  of  repeated  PU  unit. 

The  substitution  of  copper  cations  by  iron  in  complex  is 

accompanied  by  antibatic  change  of  mobility  of  current  carriers  in 

considered  ranges  of  temperatures.  It  is  possible  to  suppose,  that 
this  process  is  stipulated  by  features  of  the  gain  by  iron  cations  of 
magnetization  in  a  continuum  of  moving  dipoles  of  polar  groups  of  hard 
PU  segments.  It  is  possible  to  assume,  that  the  frequency  of  dipole 
oscillations  in  a  temperature  range  ;h03-33;3K  promotes  the  increase  of 
magnetization  of  iron  particles  and  it  conditioned  the  limitation  of 
cation  mobility.  Rise  of  oscillation  frequencv  of  dipoles  of  chains 
under  the  influence  of  temperature  results  in,  in  our  opinion, 

demagnetization  of  iron  particle.s,  as  promotes  growth  of  their 
mobility. 

In  summary  it  should  be  noticed,  that  detected  features  of  metal 
sorption,  temperature  dependence  of  conductivity  and  mobility  of  ions 
in  considered  consequence  of  polymers  we  connect  with  their  segmental 
building,  processes  of  thermodynamic  incompatibility  of  soft  and  hard 
segments,  and  at  the  same  time  magnetic  characteristics  of  metal  Ions. 

The  next  part  of  proceeding  demonstrates  the  new  possibility  of 
process  engineerings  in  PU  synthesis  with  the  attraction  of  constant 
magnetic  filds.  Over  the  last  several  years  the  quantity  of  work,  in 
which  the  electrical  and  magnetic  fields  are  used  for  modification  of 
polymer  properties  or, what  is  more  important,  for  study  of  the  influence 
of  the  intensity  of  its  fields  upon  of  polymerization  processes,  control 
of  molecular  weight,  chemical  or  physical  structure  formation, 
constantly  grows. 

Analysis  of  this  work, in  which  electrical  or  magnetic  fields, were 
used  shows  the  pragmatic  character  of  these  research  projects.  This  is 
displayed  in  a  statement  of  the  objective  to  obtain  the  polymer  with 
certain  physicochemical  or  mechanical  properties,  without  the 
preliminary  construction  of  interaction  model  of  the  initial  monomer 
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units  with  physical  fields  and  the  influences  of  such  interactions  on 
final  product.  The  necessity  of  creation  of  similar  models  becomes 
obvious. When  considering  of  the  initial  charg-ing  symmetry,  for  e.xample, 
molecule  of  methanol ,  char-ges  can  be  calculated  by  non-empirical 
methods: 


H- 

j 
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or  of  phenyl  isocyanate,  calculated  by  the  HMD  method:  i 
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These  molecules  differ  in  their  charging  symmetry  and  will  interact  in 
different  way  with  magnetic  field  when  imposing  it  on  reaction  mixture. 
Let  us  represent  the  reaction  of  polyaddition  as  a  bonded  set  of  <N' 
dipoles  as  follows: 


■q  q"  I 

R — M— 0— 0  i 
'  \ 

H  0  R*  I 

+q  q-  IN 
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As  far  as  each  monomers  Xi  and  Yi  consist  of 
the  group  of  segments  and  by  being  in  thermal  motion,  the  set  <N>  will 
be  characterized  by  statistical  distribution  of  orientations  of  the 
dipoles.  If  constant  magnetic  field  with  intensity  Hj  is  imposed  upon 
such  system  it  became  obvious  that  the  interaction  between  field  and 
the  quadrupoles  <K>  is  imposed  on  the  processes  of  polyaddition.  One 
of  these  quadrupoles  in  form  of  linked  dipoles  C-0  and  0-H  can  be 
presented  as: 

+ 
o 
I 

I  l2 
I 

O 

With  dipole  moment  Po,  equal: 

Pe  -  qli  (3) 

where  li  -  is  the  distance  between  corresponding  charges  and  li**l2 
because  of  the  different  Van  der  Vaals  radii  of  atoms  N,  C,  H  and  0. 
Such  quadrupol  can  be  considered  as  some  closed  circuit  with  current 
iK,  existing  during  the  time  of  migration  of  hydrogen  atom  from  oxygen 
to  nitrogen  and  opening  of  double  bond  between  nitrogen  and  carbon.  If 
such  circuit  with  current  is  placed  in  a  homogenous  magnetic  field 
with  magnitude  of  magnetic  induction  Bi  then  in  accordance  with  the 
moment  of  forces  Mi  will  act  upon  it: 


Ml  -  CPm  Bil 

^ 

(4) 

Bi  -  Hi  n 

(5) 

\ 

where  Pm  -  is  the  vector  of  the  magnetic  moment  of  the  circuit.  Vector 
Ml  is  directed  perpendiculary  to  the  vectors  Pm  and  Bi,  so  that  from 
its  end  the  shortest  rotation  from  Pi  to  takes  place 
counterclockwise.  Under  the  action  of  Mi  the  circuit  will  take  the  new 
position  of  stable  equilibrium.  It  is  clear  that  magnitude  of 
displacement  of  urethane  groupings  relatively  to  axis  of  macrochain  is 
proportional  to  magnitude  Bi.  Concerning  B,  in  accordance  to  eq. (5)  it 
is  alwais  proportional  to  H  -  magnetic  field  intensity  and  ji-the 
magnetic  permeability  of  environment,  which  remain  constant  in  the 
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given  investigation.  If  our  preconditions  are  true  the  change  of  H  of 
EMF  should  be  reflected  on  structure  and  properties  of  segmented  PU. 
Such  picture  of  the  mechanism  of  influence  of  constant  magnetic  field 
on  monomers  which  participate  in  reactions  of  polyadditiofi,  is 
confirmed  by  our  first  studies  [8-10] . 

The  dependence  of  changing  of  the  specific  heat  capacity  from 
magnitude  of  EMF  intensity  at  the  middle  of  the  glass  transition 
interval  of  SPU-1  is  shown  in  Fig. 4.  It  is  seen  synthesis  of  SPU  in 
magnetic  fields  in  range  of  intensity  1,5-6,0*10"^  A/m  is  accompanied 
both  increasing  of  specific  heat  capacity  of  oligoether  polyurethane 
matrix  and  stable  tendency  to  limitation  of  its  segmental  relaxation 
(Tp  middle  of  interval  increases).  These  changes  permit  to  conclude 
that  the  magnetic  field  leads  to  rearrangement  of  structure  in  regions 
of  segregated  oligoether  matrix  of  SPU. 

Increasing  of  the  intensity  of  EMF  to  H-7,5*10^  A/m  leads  to  junp 
change  of  influence  of  EMF  upon  polyurethane  structure  as  it  is  seen 
from  changing  of  position  of  the  specific  heat  capacity  curve  in 
Fig. 4.  The  results  of  SAXS  studying  indicate  the  value  H  -  6*10^  A/m 
is  threshold  magnitude  of  influence  upon  SPU  structure  (Fig. 5). 
Comparison  of  Fig. 4  and  Fig. 5  permits  to  do  the  same  conclusions  about 
the  influence  of  Hj(A/m)  upon  soft  and  hard  components  of  SPU-1.  The 
analysis  of  these  figures  shows  that  the  increasing  of  H  (A/m)  to  its 
threshold  value  Hth  leads  to  that  the  forming  of  PU  structure  in 
polyaddition  pro'::esses  takes  place  with  the  increasing  of  packing 
density  in  segregated  hard  blocks  i.e.  in  rigid  domains.  Oligoether 
matrix  micro  regions  on  the  contrary  undergo  rearrangement  processes. 
The  crossing  through  Hth  leads  to  antibatic  change  of  state  of  soft 
and  hard  SPU  components.  Decreasing  of  Cp  magnitude,  corresponding  to 
increasing  of  oligoether  matrix  packing  density  and  X-rays  scattering 
intensity  (1*10"'  imp)  by  rigid  domains  of  SPU-1  indicates  that  the  E^ 
deformation  og  chains  of  forming  hard  blocks  is  transmitted  upon 
oligoetheric  chains  and  in  such  a  way  influences  upon  oligoether 
macromolecule  packing  density. 

The  trustworthiness  of  the  offered  model  of  interaction  of  EMF 
with  the  system  of  virtual  quadrupols  of  polyaddition  reactions  is 
confirmed  by  the  date  of  study  of  elasticity  modulus  at  stretching 
(Eel)  of  polyurethanes,  synthesized  at  various  intensities  of  EMF.  The 
results  of  this  study  are  presented  in  Fig. 6.  It  is  possible  to 
conclude  from  the  analysis  of  the  curve  of  Eei  that  supermolecular 
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Structure  of  polyurethanes  prepared  at  the  intensities  1,5  -  3*10^  A/m 
forms  the  set  of  fragments  of  chains,  having  various  degree  of 
orientation  by  action  EMF  and  that  is  equal  to  action  of  dispersial 
fillers,  the  results  of  which  usually  improve  strength  properties  of 
polymers  [ill. The  subsequent  increasing  of  intensity  of  Eliff'  results  in 
that  the  ratio  between  fragments  of  chains,  formed  in  natural  way  and 
in  conditions  of  EMF  is  decreased.  The  transition  throjh  extremum  of 
curve  of  dependence  of  elasticity  module  indicates  that  the  structure 
formed  at  the  interval  of  the  intensity  of  EMF  4,5-7,5t<*10®  A/m  is  more 
plastic  in  comparison  with  the  initial  polymer.  The  influence  of 
external  magnetic  field  of  such  intensities  may  be  comparetj  with  the 
action  of  plastisizer  an  polyurethane. 
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POLYURETHANE  COMPOSITES  FOR  PERSONAL  SAFETY 
FEATURES  AND  RECREATION  OF  SOILS. CONTAMINATED 
BY  RADIONUCLIDES 

Vladimir  A.  Vilensky*,  Sergey  I.  A2arov-t-,  Ludmila  N.  Vilenska* 
“institute  of  Macromolecular  Chemistry  National  Academy  of 
Sciences,  Kharkov  Chausse,  48,  Kyiv,  253160,  Ukraine 
■^Institute  for  Nuclear  Researches  National  Academy  of 
Sciences  of  Ukraine,  pr.  Nauki.  47,  Kviv,  252026,  Ukraine 

The  results  of  the  study  of  polyurethane  compositions,  the 
modification  of  component  content  of  which  permits  to  tjse  them  as 
individual  means  of  protection  or  artificial  protective  grounds,  are 
offered. 

As  is  well  known,  as  a  result  of  the  accident  in  ChNPP  radiative 
contamination  of  the  ground  more  than  2000  sq.kms  areal  with 
population  more  250.000  persons  appears. Therefore  for  our  country  one 
of  the  most  actual  task  is  the  providing  with  individual  and 
collective  means  on  protection  of  the  people,  which  not  only  took  part 
in  liquidation  on  the  accident  consequence,  but  in  daily  work  in 
conditions  of  ionizing  ratjiation  effects.  The  second  so  very  actual 
task  is  the  re-entry  into  the  normal  reprtxiuctive  activity  of 
gradually  rehabilitated  plots  of  the  territorv.Our  vision  of  the 
solution  methods  of  these  problems  is  the  objective  of  the  present 
work. 

The  elaborating  and  studv  of  the  materials  for  manufacturing  of 
individual  means  of  protection  tlMP)  from  combined  effect  of  different 
nature  (  penetrating  radiation,  light  radiation  etc.)  dangerous  and 
harmful  factors  (DHF)  is  a  comple.x  task.  Present-day  means  and  ways  of 
personal  protection  for  everyday  purpose,  applied  when  working  with 
radioactive  substances  or  in  conditions  of  high  temperature  and  light 
radiation  action,  are  of  little  use  for  personnel  protection  when 
combined  acting  of  radiation  and  radioactive  contamination,  open  fire 
and  elevated  temperature,  toxic  radioactive  burnig  products  etc. 

In  the  majority  of  cases  these  protective  means  and  ways  are 
manufactured  of  lead  and  don’t  secure  necessary  protective 
effectiveness  and  are  difficult  in  opperating.  Besides  lead  is  the 
toxic  substance  and  it  is  necessary  to  exclude  the  possibility  of  its 
contact  with  a  person.  In  consequence  of  it  emergency  and  fire 
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division  personnel  and  at  the  same  time  special-purpose  units  when 
liquidating  of  radiative  accidents  find  themselves  without  IMP  of 
short-term  use  The  fitness  of  materials  for  manufacturing  of  IMP  of 
short-term  use  when  combined  effecting  of  different  nature  DHF  is 
determined  by  following  characteristics: 

-  possession  by  complex  of  physico-mechamical  properties,  assuring 
IMP  effectiveness  when  operating  (thermo-  and  radiative  stability, 
strength  and  elasticity,  refractoriness,  arc  resistance  etc. ) ; 

-  minimal  sorption  ot  radioactive  substances,  air-  and  gas- 
impermeability,  moisture-  resistance  etc.; 

-  stability  to  corrosive  media  action  and  technological  effectiveness 
when  manufacturing; 

-  coflrmlty  to  sanitary  requirements. 

Several  DHF  can  simultaneously  act  on  IMP  materials  at  following 
permissible  levels: 

-  thermal  flux  surface  density  -  (0,3  -  5,0)  kW/m^; 

-  temperature  -  (?0  -lOOl'^C; 

-  toxic  burning  products: part  by  volume  CO2  -  6, OX,  CO  -  0,1X;  mass 
concentration  NO,  NO2-  0.015  mg/m'-\  SO2  -  0,5  mg/m‘'‘; 

-  permissible  radionuclide  concentration  in  air,  Cl/1:  '■‘‘H  -  6,0*10"®, 

-  3,5*10'^,  ^°Sr  -  1,2*10"^-,  ^^■'‘^Cs  -  l,4*10‘l^  -  6,0*10"^^, 

2^^Pu  -  9,0*10 

Radiation  power  density  of  o(-particles  is  l0®MeV/cm^«ec  In 
energy  range  (1,0-?, 0)  MeV.  Power  density  of  v-radiation  iS  0,5*10® 
MeV/  cm'-Vsec  in  energy  range  (0,01  10,0)  MeV.  for  D-radiation  - 

0,2*10®  MeV/cm'-''*sec  in  energy  range  (0,02  -  3,5)  MeV. 

For  those  cases, when  low  energy  r-radlation  (with  energy  to  150 
keV)  acts  on  the  personnel,  the  approach  to  working  out  of  protective 
materials,  excluding  application  of  lead,  is  realized  by  us  t 
inventor's  certificate  of  USSR  itl620460.  19911. 

As  is  well  known,  in  the  range  of  low  energy  r-quantum  the  main 
process  of  interaction  of  ionizing  radiation  with  a  matter  is 
photoeffect.  Photoeffect  cross-section  has  maxima  at  r-quantum  energy 
equal  bond  energy  of  electrons  in  atom.  In  maximum  photoeffect 
increases  2-4  times.  There-  fore  for  effective  attenuation  of 
low-energy  r-radiation  it  is  expediently  to  use  the  material, 
including  mix  of  elements  with  various  sites  of  maxima  In 
cross-section.  The  composition  of  element  mix  depends  on  radiation 
spectrum  and  thickness  of  materials. 
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Adduced  calculative  -  experimental  researches  have  shown  that  the 
use  of  the  material  with  optimum  content  of  elements  allows  to  elevate 
attenuation  multiplicity  of  low-energy  r-radlatlon  (whlth  energy  to 
150  keV)  to  two  times  In  comparison  with  lead  (at  similar  mass). 

The  Investigations  on  the  modification  of  polyurethanes  have 
shown  certain  oxide  compositions  (TIO2,  Fe203,  (?u0,  ZnO,  BaO,  Cr203, 
SIO2.  AI2O3)  permit  to  create  high  filled  (to  SOX  by  weight)  elastic 
film  materials,  tensile  strength  of  which  Increases  by  adding  of 
filler,  and  specific  elongation  is  lovered  (see  Table  1). 

Table  l.  Physicomechnlcal  properties  of  filled  PU 
t - 1 - 1 - 1 - 1 — - n 


Filling,  1 
X  1 

Tear  | 
strength, | 
kg/cm  1 

Tensile  | 
strength,  | 
kg/cm^  1 

Specific  1 
elongation, 1 

^  \ 

/*  1 

Strength  at 
lOOX  elonga 
tlon 

10  1 

150  1 

1 

430  1 

450  1 

1 

130 

30  1 

1 

265  1 

600  1 

1 

430  1 

190 

50  1 

270  1 

620  1 

400  1 

200 

I _ 1 _ I _ I _ I _ _ _  I 

These  oxydes  (or  their  mixtures)  In  the  form  of  powder  were 
introduced  into  polyurethane  binders.  Then  after  corresponding 
treatment  polymer  plates  with  various  physicochemical  properties  were 
prepared. 

Soft  segment  and  hard  segment  glass  temperatures  (Tg)  of 
polyurethane  composites  are  presented  in  Table  2. 
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Table  2.  Temperatural  characteristicks  of  soft  and  hard 

blocks  of  filled  polyurethanes 


It  follows  from  the  Table  that  filline  degree  doesn’t  practically 
Influence  on  mid- interval  changes  of  glass  temperature,  i.e. specific 
interactions  between  filler  and  soft  segment  of  polymer  are  absent.  On 
the  other  hand,  polar  hard  segments  display  strong  interaction  with 
oxydes,  as  a  result  glass  transition  of  which  Increases.  These 
interactions  find  their  reflection  in  viscoelastic  characteristics  of 
initial  and  filled  polyurethaie  specimens  (Table  3). 

Table  3.  Viscoelastic  properties  of  initial 

and  filled  polyurethane 


1  1 

IFilllng,!  El" 

1  Z  1  MPa 

1 _ 1 

1 - r 

1  Xi*"| 

1  s  1 

1  1 

— 

E2 

MPa 

- r 

t2  I 
s  I 

- r 

E3  I 
MPa  1 

- 1 - T 

t3  1  E4I 
s  |MPa| 

- r 

t4  1 

s  1 

- 1 

rms  e'rror,  | 
Z  1 

1 

1  0 

1 

154.6 

1  1 
1551.41 

7.5 

1 

11.51 

1 

14  1 

1  1 

1.01  -1 

0,8  1 

1  1 

125,9 

1729, 2| 

5.6 

8.7  1 

5.9  1 

0.41  -1 

-  1 

0.7  1 

1  5 

127.6 

1506,81 

5.4 

8.4  1 

4.4  1 

1.21  -1 

-  1 

0,9  1 

1  10 

126.1 

1571.01 

6,5 

6.1  1 

3.4  1 

2.615.51 

0.3  1 

0,85  1 

1  20 

128,5 

1879,01 

5,3 

13.91 

4.8  1 

2.416.31 

0,251 

1.0  1 

1  50 

1 _ 

126,9 
-» _ 

1706,51 

J _ L. 

6.0 

_ 

12.81 
_ 1- 

2.7  1 

_ L 

4.017.81 

_ _i _ i_ 

0.351 

_ L 

0,85  1 

1 

where  *  Ei  -  modulus  of  elasticity  of  i-th  relaxation  oscillator 
**  ti  -  time  relaxation  of  i-th  relaxation  oscillator 


] 
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Analysis  of  the  data  given  In  Table  3  on  the  basis  of  segmented 
polyurethane  structure  model  allows  to  Include,  that  the  filler  is 
localized  mainly  In  hard  segments  and  their  associates  regions. 
Saturation  of  Interaction  between  hard  segments  and  the  filler  results 
In  release  of  filler  Into  transition  regions  between  flexible  matrix 
and  hard  domains. 

The  Investigations  of  supermolecular  structure  of  these 
composites  allow  to  determine  their  such  specific  property  as 
substantial  attenuation  of  roentgen  rays.  Following  more  detailed 
study  of  this  effect  allows  to  determine  that  attenuating  property  of 
composites  shows  concentration  dependence. 

Carried  out  radiative  Investigations  of  EFM  with  density  1,6 
g/cm^  (Table  4).  that  r-radlatlon  attenuation  ratio  multiplicity  is 
1,5  -  2,5  times. 

Table  4.  Dependence  of  low  energy  y-radiation 
attenuation  coefficient  koi  of  EFM  on  oxyde  content  by  weight 


Filling, 

r. 

"T - 

1  Kct,  cm^/g 

1 

- 1 

10 

1 

1  2.3 

20 

1  15,9 

50 

1  34,6 

_J _ 

_ 1 

Worked  out  materials  may  be  used  when  manufactirung  of  different 
systems  of  local,  collective  and  at  the  same  time  personal  protection. 
The  details  of  desired  configuration  for  use  as  shields  or  assembling 
on  cabin  walls  of  special  equipment  etc.,  when  working  out  and 
projecting  of  protection  from  r-.  6-  and  tf-radiation,  open  fire  and 
elevated  temperatures  may  be  prepared  from  denoted  materials  by 
molding.  As  is  well  known,  for  post- Chernobyl  situation  in  Ukraine  the 
main  sources  of  radionuclide  admission  in  human  organism  exept  for 
direct  penetration  from  air  are  flora  and  drinking  water.  Therefore 
the  research  of  the  ways  and  methods  of  minimization  of  radioative 
contamination  consequences  of  soils,  vegetation  and  wells  In  regions 
with  elevated  radionuclide  content  Is  the  permanent  problem  of  our 
country. 

Rather  wide  series  of  measures,  directed  on  decreasing  of  soil 
contamination  by  radionuclides  exists  at  the  present  time. 


173  -  6 


The  use  of  different  type  sorbents  as  one  of  the  effective 
methods  of  decreasing  of  radionuclide  content  in  the  soil-plant  system 
is  one  of  the  main  directions  in  which  the  selection  of  plants  is  the 
predominant.  In  so  far  as  one  of  the  channels  via  radionuclides  admit 
into  the  plant  is  their  assimilation  from  the  soil  when  root  feeding, 
the  cholse  of  plants  as  the  sorbent  is  determining.  For  example, 
gramineous  crops  in  a  less  degree  collect  radionuclides  than  beans.  At 
the  same  time  various  degree  of  their  accumulation  may  be  revealed  in 
different  species  of  a  family.  Thus,  in  paper  [81  on  research  of  the 
gramineous  crop  family,  namelly  of  wheat,  oats,  rue,  barley, 
represented  by  two  varieties,  it  was  shown  that  minimum  accumulation 
of  radionuclides  is  typical  for  barley.  Lupine  accumulates  maximum 
amount  of  radionuclides  among  beans.  It  is  assumed,  that  effectiveness 
of  such  decreasing  of  contamination  degree  of  soils  by  radionuclides 
will  depend  on  such  factors  as  soil  properties,  agricultural 
technology  measures,  and  at  the  same  time  on  used  varieties  of  plants. 

It  should  admit  that  this  direction  may  be  considered  as  main  one 
in  soil  recreation  processes  of  contaminated  soils,  whereas  it  may  be 
subdivided  into  two  ingredients.  One  of  them  is  the  optimal  choice  of 
agricultural  crops,  accumulating  comparatively  small  amounts  of 
radionuclides,  but  fixing  them  in  soil  and  on  the  contrary,  plants, 
carrying  out  from  the  soil  great  amount  of  radionuclides.  However 
there  is  a  situation  in  this  important  direction  when  carried  out  onto 
the  surface  radionuclides  can  be  transferred  in  case  of  wind  soil 
erosion  and  contaminate  new  territories. 

The  comprehension  of  the  Importance  of  this  program  has 
predetermined  the  idea  of  the  project  on  creation  of  artificial 
grounds  with  the  purpose  of  protecting  of  soil  plots,  contaminated  by 
radionuclides.  The  initial  materials  for  preparation  of  artificial 
soils  is  elaborated  by  us  polyurethane  composition  which  Include  with 
the  exception  of  above-mentioned  ingredients  various  types  of 
fertilizers,  rippers  and  binders. 

In  the  last  few  years  such  models  were  tested  by  us  for 
intergnrowth  of  some  species  of  gramineous  and  bean  crops  in  the 
capaslty  of  the  experiment.  Preliminary  results  give  us  the  grounds  to 
suggest  the  given  direction  as  one  of  possible  ingredients  of 
collective  means  of  flora  and  fauna  protection  from  radionuclides 
transfer  by  air  flows. 
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ABSnUCT 

The  detonation  of  hlghly-insensitive  hybrid  extruded  heterogeneous 
compositions  has  been  characterized  in  terms  of  the  detonation 
characteristics.  The  compositions  investigated  were  glycerine  (CHO),  aluminum 
(All,  and  amonium  perchlorate  CAP),  in  most  oases  sensitized  nith  small 
amounts  of  ROX.  The  extruded  compositions  were  confined  in  steel  tubes  of  up 
to  nominally  100-mm  in  diameter  at  densities  as  high  as  1.7  kg/nt.  These 
compositions  were  also  detonated  in  fiber  canisters  of  nominally  150-mm 
diameter  upon  a  blast-pad  to  assess  blast  output  in  terms  of  overpressures  and 
Impulses,  and  os  previously  reported,  provided  blast  performances  comparable 
or  greater  than  THT.  Here  attention  was  directed  to  the  detonation 
characteristics  of  pressure,  velocity,  and  temperature.  These  characteristics 
were  monitored  using  carbon-reslster  gouges  for  pressures,  fiber-optic  light 
detector  diodes  for  reaction-front  phenomenology,  and  three-color  rodiometry 
for  temperatures.  The  reaction-front  durations  demonstrated  the  non-ideal 
behavior  of  these  compositions,  and  the  temperature  measuremente  confirmed  the 
phenomenological  aspects  of  these  highly  complex  hybrid  heterogeneous 
compositions.  Analytical  CHEETAH  Code  CJ  computations  were  conducted  to  guide 
the  experimental  effort.  Particle  size  of  the  components  was  also  a  factor, 
and  influenced  the  chemical  reaction  mechanisms  to  some  extent,  but  irot 
detonation  performance  in  general.  Hajor  factors  of  processing  these 
compositions  was  their  rheological  properties  in  regard  to  homogeneity  and 
quality.  Particle  size  and  shape  of  the  solid  components  in  the 

formulation/extruslon  of  these  high  performance  Insensitive  explosive 
compositions  was  critical  and  required  special  extrusion  techniques. 
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UNDERWATER  EXPLOSIVES  (I)  -  INFLUENCE  OF  ALUMINIUM  AND 
AMMONIUMPERCHLORATE  ON  THE  PERFORMANCE 

A.Happ,  A.  Kretschmer,  U.  Meyer,  T.  Keicher;  Fraunhofer  ICT,  Pfinztal,  D 
U.  Sirringhaus,  R.  Wild;  WIWEB,  Swisttal,  D 

Abstract 

This  paper  shows  the  influence  of  aluminium  (Al)  and  ammonium  perchlorate  (AP)  in 
GAP-  and  RDX-based  explosives  on  the  underwater  explosion  performance  and  reaction 
behavior.  The  studied  explosives  varied  in  formulation,  aluminium  particle  size  and 
aluminium  arrangement  in  the  matrix.  The  different  explosives  were  characterized  by 
the  plate-dent-test,  measurement  of  detonation  velocity,  testing  of  stability  and 
sensitivity,  and  analyses  of  the  detonation  products  after  blasting  in  a  closed  vessel.  The 
performance  was  measured  by  underwater  explosions  of  charges  with  weights  of  70, 
250,  500  and  1000  g. 

Al  and  AP  increased  the  bubble  energy  while  the  pressure  remained  constant.  The 
maximal  bubble  energy  was  reached  with  aluminium  contents  ranging  from  40  to 
50  %.  Surprisingly  the  pressure  and  the  impuls  were  constant  for  Al-contents  from  15 
to  40  %.  Decreasing  pressure  and  impulse  was  obsen/ed  only  for  the  exotic 
formulations  containing  50  %  Al.  As  a  consequence  maximal  bubble  energy  with  no 
loss  in  pressure  and  impuls  is  obtained  with  charges  containing  about  40  %  aluminium. 
Charges  with  a  specific  geometrical  arrangement  of  aluminium  in  a  layer  between  the 
explosive  charge  and  the  water  caused  lower  bubble  energy  than  those  with 
homogeneously  incorporated  aluminium.  The  energy  released  by  reactions  between 
water  and  aluminium  was  less  than  expected  and  did  not  dominate. 

There  was  no  remarkable  difference  in  performance  of  formulations  with  aluminium 
particle  sizes  varying  from  5  pm  to  150  pm. 

Einleitung 

Metallpulver  in  Untenwassersprengstoffen  setzen  bei  ihrer  Umsetzung  betrachliche 
Mengen  an  thermischer  Energie  frei  und  erhohen  die  Temperatur  und  somit  den  Druck 
der  Reaktionsgase.  Der  fur  die  Umsetzung  der  Metalle  notwendige  Sauerstoff  kann 
prinzipiell  direkt  vom  Sprengstoff  und  zugesetzten  Oxidatoren  wie  Ammonium- 
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perchlorat  (AP)  Oder  aber  in  einer  sog.  Nachreaktion  vom  umgebenden  Wasser 
stammen. 

Der  Energiebeitrag  aus  der  Metallumsetzung  fuhrt  grundsatzlich  zu  einer  Steigerung  der 
Gasbiasenschwingungsenergie  aber  der  genaue  EinfluB  auf  die  Energieverteilung 
zwischen  Gasbiasenschwingungsenergie  und  der  Schockwellenenergie  in  Abhangigkeit 
von  Aluminium  und  AP  bei  RDX/GAP-haltigen  Sprengstoffkompositionen  ist  bisher  nicht 
untersucht. 

Die  folgenden  Zusammenhange  und  Fragestellungen  werden  in  der  vorliegenden  Arbeit 
untersucht; 

-  EinfluB  der  Komponenten  RDX,  AP,  Al  auf  das  Leistungsverhalten  von  Unterwasser- 
sprengstoffen 

-  EinfluB  der  unterschiedlichen  Kompositionen  auf  Verteilung  der  Wirkleistung  in 
Schockwelle  und  Gasbiasenenergie 

-  Untersuchungen  zum  Umsetzungsverhalten  von  Aluminium  in  Unterwasser- 
sprengstoffen 

-  EinfluB  von  verschiedenen  Aluminiumsorten  auf  das  Umsetzungsverhalten 

-  EinfluB  eines  Aluminiummantels  auf  die  Unten/vasserleistung 

DurchgefOhrte  Arbeiten  und  Ergebnisse 
Zusammensetzung  der  Ladungen: 

Aus  Grunden  einer  guten  Verarbeitbarkeit  bei  mdglichst  hohen  Fullstoffgehalten  wurde 
bei  den  meisten  der  hergestellten  kunstoffgebundenen  Unterwasserladungen  einheitlich 
ein  GAP  -  Bindersystemanteil  von  18  %  eingestellt.  Das  Bindersystem  bestand  aus 
Glycidyazidpolymer-Diol,  dem  Weichmacher  BDNPA/BDNPF  und  dem  Harter  Desmodur 
N1 00.  Als  Vergleichssprengstoff  wurde  TNT  verwendet. 


Ladung 

GHX  86 

GHX  78 

GHX  83 

GHX  84 

GHX  85 

GHX  87 

GHX  89 

RDX  [%] 

82 

67 

62 

57 

52 

42 

27 

Al  [%] 

- 

15 

20 

25 

30 

40 

50 

AP  [%] 

- 

- 

- 

- 

- 

- 

GAP-Binder 

[%1 

18 

18 

18 

18 

18 

18 

23 

Tabelle  1 
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Bei  den  Ladungen  der  Tabelle  1  steigt  der  Aluminiumanteil  von  0  %  bis  50  %  jeweils 
auf  Kosten  des  RDX  an.  Diese  Reihe  soil  den  EinfluS  des  steigenden  Al-Gehaltes  bei 
gleichzeitiger  Abnahme  des  brisanten  Sprengstoffanteiles  RDX  auf  das  erzielbare 
Leistungsvermogen  aufzeigen,  Mit  den  "extremen",  in  der  Praxis  der 
Untenwassersprengstoffe  nicht  ubiichen  Formulierungen  GHX  87  und  GHX  89,  die  40 
bzw.  50  %  Al  enthalten,  soil  gleichzeitig  die  Grenze  des  maximal  zur  Umsetzung 
anregbaren  Al-Gehaltes  in  solchen  Systemen  aufgezeigt  werden, 


Ladung 

GHX  76 

GHX  80 

GHX  81 

GHX  82 

GHX  99 

GHX  100 

GHX  101 

RDX  [%] 

42 

37 

32 

27 

47 

47 

47 

Al  [%] 

15 

20 

25 

30 

30  '> 

30 

30 

AP  I%] 

25 

25 

25 

25 

- 

- 

- 

GAP-Binder 

[%] 

18 

18 

18 

18 

23 

23 

23 

1) :  Spez.  Oberflache:  0,134  m7g;  Mittl.  KorngroBe:  150  pm 

2) :  Spez.  Oberflache:  0,229  mVg;  Mittl.  KorngroBe:  50  pm 

3) :  Spez.  Oberflache:  1,144  mVg;  Mittl.  KorngroBe:  5  pm 
Tabelle  2 

Die  Formulierungen  in  der  Tabelle  2  (Reihe  GHX  76/-80/-81  /-82)  enthalten  alle  konstant 
25  %  AP  und  Al-Gehalte  von  15  %  bis  30  %.  Wie  in  der  Reihe  der  Tabelle  1  erfoigt  die 
Zunahme  des  Al-Anteils  auf  Kosten  des  RDX-Gehaltes. 

Diese  Reihe  soli  ebenfalls  den  EinfluB  des  steigenden  Al-Gehaltes  bei  gleichzeitiger 
Abnahme  des  brisanten  Sprengstoffanteiles  RDX  auf  das  erzielbare  Leistungsvermogen 
aufzeigen.  Durch  Vergleich  der  Leistungsdaten  dieser  AP-haltigen  Sprengstoffe  mit  den 
AP-freien  Formulierungen  der  Tabelle  1  wird  zusatzlich  der  EinfluB  des  "Nicht-idealen" 
Sprengstoffs  AP  auf  das  Leistungsvermogen  solcher  Systeme  im  Zusammenhang  mit  der 
Aluminiumumsetzung  studierbar. 

Die  Ladungen  GHX  99/-100/-101  enthalten  drei  verschiedene  Al-Sorten  mit  Partikel- 
groBen  zwischen  5  -  150  pm  bei  sonst  gleicher  Zusammensetzung.  Aus  Grunden  der 
besseren  Vearbeitbarkeit  wurden  fur  diese  drei  Formulierungen  jeweils  23  %  GAP- 
Binderanteil  eingesetzt.  In  dieser  Reihe  soil  der  EinfluB  von  unterschiedlich  groBen  Al- 
Partikeln  auf  die  Wirkleistung  untersucht  werden.' 
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Die  in  homogener  Mischung  verar- 
beiteten  Bestandteile  der  Formulierung 
GHX  101  wurden  bei  Ladungen  unter  der 
Bezeichnung  GHX  86  mit  Al-Mantel  in 
zwei  unterschiedliche  Ladungsteile  ge- 
trennt  (Tabelle  3).  Die  zylindrische  Kern- 
ladung  bestand  aus  der  Al-freien 
Mischung  GHX  86  (=  GAP,  RDX)  und  die 
umschlieBende  Mantelladung  bestand 
aus  einer  Mischung  von  70,3  %  Al  und 
29,7  %  Binder.  Durch  Vergleich  der  jeweils  in  der  Gesamtsumme  aus  den  gleichen 
Komponenten  aufgebauten  Ladungen  GHX  101  und  GHX  86  mit  Al-Mantel  sollte  der 
EinfluS  des  vollstandig  im  Mantel  angeordneten  Aluminium  auf  das 
Unterwassersprengverhalten  untersucht  werden. 

Untersuchungen  im  Sprengkessei; 

In  einem  dickwandigen  zylindrischen  Stahikessel  mit  einem  Volumen  von  1,5  m^ 
wurden  verschiedene  Sprengstoffkompositionen  mit  jeweils  300  g  Ladungsmasse  unter 
Argonatmosphare  gesprengt  und  die  Ruckstande  sowie  die  Gasschwaden  analysiert.  Die 
experimentelle  Durchftihrung  erfoigte  analog  wie  in  Lit.  (1)  beschrieben.  Von  jeder 
untersuchten  Formulierung  wurden  zwei  Sprengungen  durchgefuhrt. 

Tabelle  4  zeigt  die  Untersuchungsergebnisse  der  festen  Detonationsruckstande  und  der 
gasfdrmigen  Detonationsprodukte.  Die  gemessenen  RDX-Gehalte  (Zeile  1)  belegen 
eindeutig,  daB  die  untersuchten  Ladungen  im  Sprengkessei  vollstandig  detonierten. 

Die  Aluminiumgehalte  der  Ruckstande  von  den  Ladungen  GHX  76/78/82/85  lagen  alle 
deutlich  unter  1  %  und  belegen  somit,  daB  bei  den  untersuchten  Formulierungen  Al- 
Gehalte  von  bis  zu  30  %  ohne  zusatzlichen  Fremdsauerstoff  aus  umgebendem  Wasser 
Oder  Luft  komplett  umgesetzt  werden.  Bei  der  Umsetzung  des  Sprengstoffs  hat 
offensichtlich  das  Al  als  starkes  Reduktionsmittel  die  hbchste  Prioritat  im  Hinblick  auf 
seine  Oxidation.  Die  weiteren  Reduktionsmittel  wie  Wasserstoff  und  Kohlenstoff 
konkurrieren  urn  den  vom  Aluminium  nicht  verbrauchten  Sauerstoff. 


Ladung 

GHX  86  mit  Al-Mantel 

Kernladung 

Mantelladung 

RDX  [%] 

82 

- 

Al  [%] 

- 

70,3 

AP  [%] 

-  . 

- 

GAP-Binder 

[%] 

18 

29,7 

Tabelle  3 
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GHX  76 

GHX  78 

GHX  82 

GHX  85 

GHX  87 

RDX-Gehalt 

0,003 

0,002 

<  0,0004 

<  0,0004 

__ 

[%] 

<  0,0004 

0,001 

<  0,0004 

<  0,0004 

- 

Al-Gehalt 

[%1 

<0,3/ <0,3 

<0,3/ <0,3 

<0,3/ 0,8 

<0,3/ <0,3 

6,8/ 6,9 

[Vol.-%] 

28,86/28,49 

29,88/29,64 

38,86/39,17 

33,65  /34,78 

36,21  /33,05 

(Berechn.)* 

(28,29) 

(24,09) 

(40,08) 

(38,76) 

(51,00) 

Nj  [Vol.-%] 

34,52/33,71 

32,78/34,06 

31,52/31,17 

35,37/33,29 

35,17/40,09 

(Berechn.)* 

(31,74) 

(34,47) 

(35,51) 

(45,49) 

(38,00) 

CO  [Vol.-%] 

30,42/31,74 

34,71  /34,13 

29,30  /29,40 

30,70/31,46 

28,26  /26,45 

(Berechn.)* 

(30,99) 

(32,32) 

(14,84) 

(6,49) 

(0,03) 

COj  [Vol.%] 

5,95/5,61 

2,29/1,94 

0,09/0,10 

0,11/0,11 

0,11  /0,21 

(Berechn.)* 

(6,35) 

(3,11) 

(0,36) 

(0,07) 

(0,00) 

KW**  + 

0,25/0,45 

0,34/0,25 

0,29/0,16 

0,17/0,36 

0,25/0,20 

Restgase 

[Vol.-%] 

(Berechn.)* 

(2,63) 

(6,01) 

(9,21) 

(9.19) 

(10,97) 

*  Berechnet  nach  ICT-Thermodynamik-Code 
**  Kohlenwasserstoffe 
Tabelle  4 


In  den  Ruckstanden  der  Formulierung  GHX  87  wurde  Restaluminium  gefunden.  Dies  ist 
nicht  uberraschend,  da  bei  einem  Al-Gehalt  von  40  %  der  primar  in  der  Formulierung 
vorhandene  Sauerstoff  fur  die  komplette  Oxidation  des  Al's  nicht  ausreicht. 

Fur  die  Sprengschwadenzusammensetzungen  ergaben  sich  die  folgenden  Abhangig- 
keiten: 

Mit  steigendem  Al-Gehalt  (GHX  76  -  GHX  87)  steigen  die  Anteile  an  Hj  und  Nj  an.  Die 
Berechnungen  ergeben  allerdings  fur  den  Wasserstoff  beim  Ubergang  von  GHX  85  (Al 
30%)  zu  GHX  87  (Al  40%)  eine  deutlichere  Steigerung,  die  durch  die  Messungen  in  der 
berechneten  GroBenordnung  nicht  bestatigt  werden  konnte. 
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Der  CO,-Gehalt  der  Sprengschwaden  sinkt  mit  zunehmendem  Al-Gehalt  der 
Formulierung. 

Deutliche  Abweichungen  zwischen  den  Berechnungen  und  den  Messungen  ergeben 
sich  fur  die  Gase  CO  und  die  Kohlenwasserstoffe.  Nach  den  Berechnungen  muBte  der 
CO-Anteil  mit  steigendem  Al-Gehalt  bis  auf  0%  absinken  und  der  KW-Wert  gleichzeitig 
ansteigen.  Diese  Tendenz  wird  von  den  Messungen  nicht  bestatigt. 

Unter  Zusammenfassung  der  vorstehehden  Ergebnisse  ergibt  sich  das  folgende 
Gesamtbild: 

Das  Al  hat  fur  seine  Oxidation  den  ersten  Anspruch  auf  den  im  Sprengstoff 
vorhandenen  Sauerstoff  und  wird  komplett  umgesetzt  solange  genijgend  Sauerstoff 
vorhanden  ist.  Die  anderen  im  Sprengstoff  vorhandenen  Elemente  konkurrieren  urn  den 
verbleibenden  Restsauerstoff.  Deshalb  verschieben  sich  einige  Reaktionsgleichgewichte 
bei  zunehmendem  Al-Gehalt  jeweils  in  Richtung  sauerstoffreier  Reaktionsprodukte 
(Zunahme  von  Hj  unter  vermutlicher  Abnahme  von  HjO  und  Zunahme  von  Nj  unter 
vermutlicher  Abnahme  von  NO^  sowie  Abnahme  von  COj).  Das  CO  bildet  hierbei  eine 
Ausnahme.  Die  Sauerstoffaffinitat  des  Aluminiums  ist  offentsichtlich  nicht  groS  genug, 
urn  den  Gehalt  an  CO  entsprechend  den  Berechnungen  zu  reduzieren.  So  betragt  der 
CO-Gehalt  fast  unabhangig  vom  Al-Gehalt  konstant  ca.  30%  und  sinkt  erst  bei 
extremen  Al-Gehalten  langsam  ab.  Auch  die  Reduzierung  des  COj-Gehaltes  durch  das 
Al  fuhrt  eher  zur  RuBbildung  als  zur  Veranderung  der  CO-Konzentration. 

Sprengungen  unter  Wasser 

Die  Unterwassersprengleistungen  wurden  vom  WIWEB  nach  der  von  Cole 
vorgeschlagenen  Methode  gemessen  (2)  und  ausgewertet  (3)  (4).  Hierzu  wurden 
zylindrische  Ladungen  mit  Lange/Durchmesser  =  1:1  und  den  Gewichten  70  g,  250  g, 
500  g  und  1  kg  in  einer  Wassertiefe  von  3  m  gesprengt  und  die  auftretenden 
StoBdrucke  in  einem  Abstand  von  jeweils  5  m  mit  2  Turmalindruckaufnehmer 
gemessen.  Fur  alle  Formulierungen  wurden  pro  Ladungsmasse  jeweils  vier  Ladungen 
gesprengt  und  die  Streubreite  der  Ergebnisse  in  den  Diagrammen  in  Form  von 
Fehlerbalken  angegeben. 
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Diagramm  1 :  Spitzendruck  in  Abhangigkeit  vom  Al-Gehalt 


Die  untersuchten  Ladungen  mit  gleichen  Massen  zeigen  uberraschenderweise  uber 
weite  Bereiche  des  Aluminiumgehaltes  kaum  Anderungen  fur  den  Spitzendruck.  So 
weisen  die  Ladungen  mit  15  und  30  %  Al  jeweils  ahniiche  Spitzendrucke  auf  und  erst 
bei  weiterer  Steigerung  des  Aluminiumgehaltes  auf  uber  40  %  kommt  es  zu  einer 
geringfugigen  Abnahme  des  Spitzendrucks  (s.  eingezeichneter  Kurvenverlauf).  Im 
Diagramm  markiert  ein  Pfeil  den  Grenzbereich  fur  die  maximal  oxidierbare  Al-Menge, 
wenn  man  von  der  theoretischen  Annahme  ausgeht,  daB  der  im  Sprengstoff  enthaltene 
Sauerstoff  ausschlieBlich  fur  die  Al-Oxidation  verwendet  wird.  Diese  Annahme 
entspricht  naturlich  nicht  der  Praxis,  da  sich  die  sonstigen  im  Sprengstoff  enthaltenen 
Elemente  dann  zu  sauerstofffreien  Verbindungen  wie  elementarem  Kohlenstoff, 
Kohlenwasserstoffe,  Nj,  NH3,  HCN,  usw.  umsetzen  muBten,  was  die  Analysen  der 
Sprengschwaden  widerlegen.  Die  Markierung  der  maximal  oxidierbaren  Al-Menge 
verdeutlicht  lediglich,  daB  eine  angenommene  Reaktion  zwischen  Al  und  dem 
umgebenden  Wasser  keinen  EinfluB  auf  den  Spitzendruck  hat.  Sowohl 
unterstochiometrische  Al-Gehalte  von  15%  Al  als  auch  weit  uberstochiometrische  Al- 
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Gehalte  von  40%  Al  ergeben  gleiche  Werte  fur  die  Spitzendrucke.  Bei  0  % 
Aluminiumgehalt  ist  als  Referenzsprengstoff  TNT  aufgetragen.  Die  Spitzendruckwerte 
fur  TNT  liegen  in  der  GrPBenordnung  der  kunststoffgebundenen  GHX-Ladungen. 
Warum  die  TNT-Spitzendrucke  der  1  kg-Ladungen  tiefer  als  enwartet  lagen  kann  bisher 
nicht  erklart  werden. 

Die  engen  Streubereiche  fur  die  jeweils  vier  gleichen  Ladungen  je  Ladungsmasse  (siehe 
Fehlerbalken  im  Diagramm)  belegen  den  reprasentativen  Charakter  der  dargestellten 
Mittelwerte. 


*Vom  im  Sprengstoff  enthaltenen  Sauerstoff 
maximal  oxidierbare  Al-Menge 

Diagramm  2:  Impuls  in  Abhangigkeit  vom  Al-Gehalt 

Diagramm  2  zeigt  die  Abhangigkeit  der  Impulswerte  vom  Aluminiumgehalt  auf.  Wie  der 
Spitzendruck  ist  auch  der  Impuls  abhangig  vom  Ladungsgewicht;  hohere  Ladungsmasse 
bedingt  groBeren  Impuls.  Auch  der  EinfluS  des  Aluminiumgehalts  auf  den  Impuls  ist 
ahniich  wie  beim  Spitzendruck.  Fur  Aluminiumgehalte  im  Bereich  von  15-40  %  andert 
sich  interessanterweise  der  Impuls  kaum  und  sinkt  erst  bei  weiterer  Steigerung  des  Al- 
Anteils  zwischen  40  %  und  50  %  deutlich  ab  (s.  eingezeichneter  Kurvenverlauf). 
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Fur  Ladungsgewichte  von  70  g,  250  g  und  500  g  ist  zwischen  den  AP-haltigen  und  AP- 
freien  Ladungen  kein  signifikanter  Unterschied  erkennbar.  Erst  fur  Ladungsgewichte  von 
1  kg  scheinen  die  Ammoniumperchloratladungen  hohere  Impulswerte  aufzuweisen. 
Diese  Tendenz  muBte  allerdings  durch  Messung  von  Ladungen  mit  Massen  von  5  kg 
und  mehr  untermauert  bzw,  verdeutlicht  werden. 

Beim  Aluminiumgehalt  von  0  %  ist  TNT  als  Referenzsprengstoff  aufgefuhrt 


•Vom  im  Sprengstoff  enthaltenen  SauerstofT 
maximal  oxidierbare  A^Menge 


Diagramm  3;  Blasenschwingungsenergie  in  Abhangigkeit  vom  Al-Gehalt 

Diagramm  3  zeigt  die  Abhangigkeit  der  Blasenschwingungsenergie  unterschiedlicher 
Formulierungen  vom  jeweiligen  Al-Gehalt.  Da  die  Blasenschwingungsenergie 
entsprechend  ihrer  Definition  nach  der  von  Cole  (2)  angegebenen  Formal  in  Joule/kg 
ermittelt  wird,  besteht  hier  keine  Abhangigkeit  der  Blasenschwingungsenergie  von  der 
Ladungsmasse. 

Die  Abhangigkeit  der  Blasenschwingungsenergie  vom  Al-Gehalt  ist  deutlich  ausgepragt. 
EnwartungsgemaS  steigt  mit  zunehmendem  Aluminiumgehalt  die  jeweils  gemessene 
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Blasenschwingungsenergie  an  und  erreicht  bei  40  %  ihr  Maximum.  Erst  die  weitere 
Erhohung  des  Al-Gehalts  auf  50  %  fuhrt  zu  einer  geringfugigen  Abnahme  der 
Blasenschwingungsenergie. 

Weiterhin  fuhrt  die  Ven/vendung  von  AP  zu  einer  Steigerung  der  Blasenschwingungs¬ 
energie.  Die  Ladungen  mit  jeweils  25  %  AP  (GHX  76  /  82)  liegen  mit  ihren  Werten  urn  8 
bis  9  %  hoher  als  ihre  analogen  Vertreter  ohne  AP.  Interessant  ware  in  diesem 
Zusammenhang  die  Moglichkeit  einer  weiteren  Steigerung  der  Blasen¬ 
schwingungsenergie  bei  Aluminiumgehalten  von  40  -  50  %  durch  Zusatz  von 
Ammoniumperchlorat. 

Die  Streuung  der  MeBwerte  bewegt  sich  in  alien  Fallen  in  engen  Grenzen  und  bestatigt 
den  reprasentativen  Charakter  der  Mittelwerte. 

EinfluB  unterschiedlicher  AI-Partikelgro6en  und  mantelformiger  Ai-Anordnung 
auf  die  Unterwasserleistung 


Diagramm  4:  Blasenschwingungsenergie  in  Abhangigkeit  vom  Al-Gehalt 

Diagramm  4  zeigt  die  Blasenschwingungsenergie  in  Abhangigkeit  vom  Al-Gehalt.  Die 
Blasenschwingungsenergie  der  Al-freien  Formulierung  GHX  86  liegt  im  erwarteten 
Bereich,  d.h.  uber  den  TNT-Ladungen.  Durch  Ummantelung  dieser  Ladung  mit  Al  steigt 
die  Blasenschwingungsenergie  signifikant  an.  Der  erreichte  Wert  bleibt  allerdings 
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deutlich  unterhalb  von  GHX  101,  bei  dem  gieiche  Al-Mengen  homogen  in  den 
Sprengstoff  eingearbeitet  sind.  Offensichtlich  fuhrt  die  mantelformige  Anordnung  des 
Aluminiums  nicht  zu  der  erhofften  Steigerung  der  Blasenschwingungsenergie 
gegenuber  Ladungen  mit  homogen  eingearbeitetem  Al. 

Die  Ladungen  GHX  99/100/101  mit  drei  unterschiedlich  AI-PartikelgrbBen  zwischen  5 
pm  und  1 50  pm  weisen  vergleichbare  Werte  fur  ihre  Blasenschwingungsenergie  auf. 

ZUSAMMENFASSUNG  UND  AUSBLICK 

Die  eingesetzten  Komponenten  zeigten  bei  den  Sprengungen  der  untersuchten 
Formulierungen  das  folgende  Umsetzungsverhalten  und  hatten  auf  die 
Unterwassersprengleistungen  die  folgenden  Einflusse: 

•  Aluminium 

Bei  der  detonativen  Umsetzung  hat  das  Aluminium  auf  den  im  Sprengstoff 
vorhandenen  Sauerstoff  den  ersten  Anspruch  und  wird  komplett  umgesetzt  solange 
genOgend  Sauerstoff  vorhanden  ist.  Die  anderen  im  Sprengstoff  vorhandenen  Elemente 
konkurrieren  urn  den  verbleibenden  Restsauerstoff. 

Die  Messwerte  fur  Spitzendruck  und  Impuls  sind  fur  weite  Bereiche  des  Al-Gehalts 
konstant  und  sinken  erst  bei  Extremformulierungen  mit  50  %  Al  ab. 

Die  Blasenschwingungsenergie  erreicht  ihr  Maximum  bei  Al-Gehalten  von  40  -  50  %. 
Das  bedeutet  fur  die  Praxis,  daB  bei  den  untersuchten  Formulierungen  der  Al-Gehalt  bis 
in  den  Bereich  der  maximalen  Blasenschwingungsenergie  gesteigert  werden  kann,  ohne 
daB  gleichzeitig  EinbuBen  beim  Spitzendruck  und  beim  Impuls  in  Kauf  genommen 
werden  mussen. 

Die  mantelformige  Anordnung  des  Aluminiums  fuhrte  nicht  zu  der  gewunschten 
Steigerung  der  Blasenschwingungsenergie.  Es  wurden  die  Leistungswerte  von  Ladungen 
mit  homogen  eingebrachtem  Al  bei  weitem  nicht  erreicht.  Offensichtlich  findet  die 
enwartete  zusatzlich  energieliefernde  Al-Wasser-Reaktion  bei  der  untersuchten 
Ladungskonfiguration  nicht  statt. 

Die  drei  untersuchten  unterschiedlichen  Al-Sorten  zeigten  keinen  erkennbaren 
Zusammenhang  zwischen  AI-PartikelgroBe  und  Leistungsausbeute.  Das  bedeutet  fur  die 
Praxis,  daB  in  den  untersuchten  Systemen  Al-Partikel  im  GrbBenbereich  zwischen  5  pm 
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und  150  nm  eingesetzt  werden  konnen,  ohne  nachteilige  Auswirkungen  auf  die 
Leistungsausbeute  in  Kauf  nehmen  zu  mussen. 

•  Ammoniumperchlorat 

Bei  den  untersuchten  Ladungsmassen  fuhrte  ein  AP-Gehalt  von  25%  zu  einer 
Steigerung  der  Blasenschwingungsenergie. 

Beim  Spitzendruck  ergab  sich  durch  das  AP  keine  Veranderung  im  Vergleich  zu  den  AP- 
freien  Ladungen;  beim  Impuls  dagegen,  war  ein  Trend  zu  hoheren  Werten  zu 
beobachten,  was  allerdings  noch  durch  Sprengungen  mit  groBeren  Ladungsmassen 
bestatigt  werden  muB. 
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MODIFIED  SYNTHESIS  OF  DIETHYLALUMINUM  AZIDE 
AND  THE  CHARACTERIZATION  THEREOF  * 

Zhou  Keyan' ,  Gao  Zhenxian',  Sun  Yu' 

Li  changqing  Huang  Yue^  Xia  Zhongjun^ 

ABSTRACT 

The  synthesis  method  of  diethylaluminum  azide  (  DEAA  )  is  modified  by  optimizing  the  reactant  ratio, 
reaction  time,  temperature  and  other  conditions.  The  yield  of  DEAA  is  increased  from  54%  to  75% 
compared  with  that  reported  in  the  references  abroad.  The  final  product  and  its  molecular  structure  are 
verified  by  means  of  elemental  analysis,  IR  spectra,  'H  NMR  and  other  methods.  The  results  indicate 
that  DEAA  is  a  trimer  with  stable  6-membered  ring  structure  under  ordinary  conditions.  This  structure 
is  consistent  with  the  behavior  of  DEAA  in  distillation  at  high  temperature  up  to  420  "C  under  400Pa 
without  any  decomposition.  It  can  be  concluded,  therefore,  DEAA  is  a  compound  vyith  acceptable 
thermal  stability  promising  to  be  used  as  a  self-ignition  agent  in  some  special  application.  While  heating 
up  to  460  ~  570  ‘C  in  vacuum,  DEAA  rapidly  decomposes  without  explosion,  releasing  low-molecular 
hydrocarbons  and  forming  microcrystallite  identified  to  be  aluminum  nitride  ( AIN  )  with  particle  size 
in  the  range  of  nanometer.  This  property  shows  another  prosperity  of  DEAA  as  a  nice  precursor  for 
preparation  of  ceramic  materials  with  high  purity. 

KEYWORDS  diethylaluminum  azide  (  DEAA  )  pyrophoric  agent  aluminum  nitride 

1  INTRODUCTION 

As  a  new  family  of  energetic  materials,  organic  azide  compounds  are  widely  researched  and  developed 
in  recent  two  decades,  but  organometallic  azides  are  rather  less  noticed  in  this  technology  field.  After 
the  synthesis  of  diethylaluminum  azide  (  DEAA  )  reported  by  Karl'''  in  1961  and  Prince'*’  inl966,  only  a 
few  references  related  to  this  compound. 

The  molecular  formula  of  (CH3CH2)2A1N3  and  the  eorresponding  structure  would  give  DEAA  the 
properties  like  both  triethylaluminum  (  TEA  )  and  azides,  i.e.  self-ignition  as  a  pyrophoric  agent  in 
the  presenee  of  any  kind  of  oxidizers  and  self-explosion  because  of  the  oxidation  reaction.  Due  to  its 
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low  melting  point  (- 130  °C),  DEAA  would  be  a  promising  pyrophoric  agent  with  acceptable  safety  used 
for  propellants  and  some  oil-taking  device  in  deep  well. 

It  is  reported  that  DEAA  exists  as  a  trimer  in  the  liquid  state  with  a  6-membered  Al-N  plane  cyclic 
structure  with  Du  symmetry,  while  the  structure  in  gas  state  is  not  known  so  far'^’\  The  properties  of 
DEAA  had  not  reported  in  detail  and  the  known  data  are  not  all  agreed  with  each  other.  Mole  T.  et  al 
took  it  as  a  non-explosive  but  high-sensitive  substance  to  air  and  moisture. 

In  order  to  clear  these  confusions,  we  have  made  a  comprehensive  study  of  the  synthesis  modification 
and  characterization  of  DEAA,  including  its  structure  and  properties. 

2  SYNTHESIS  OF  DEAA 

There  are  three  synthesis  methods  reported  so  far  as  below: 

The  first  method  is  a  two-phase  reaction  of  diethylaluminum  chloride  (  Et2AlCl,  abbr.  as  DEAC  ) 
with  sodium  azide  (  NaNs  )  in  benzene.  Karl’"  reported  if  the  reaction  was  carried  out  at  the 
temperature  of  benzene  reflux  and  then  distilled  under  reduced  pressure,  DEAA  would  be  obtained  as  a 
solid  with  yield  of  32%.  Prince’"  made  the  synthesis  at  ambient  temperature.  After  filtering  the  reaction 
mixture,  a  transparent  liquid  remained.  Distilled  out  the  solvent  and  filtered  again,  a  viscous  liquid 
DEAA  was  obtained  with  yield  of  54%. 

The  second  way*"’  is  based  on  the  reaction  of  TEA  with  chlorine  azide  (  CIN3 )  in  benzene  as  solvent 
at  0  E).  After  distillation  of  the  reacted  mixture  under  conditions  of  63  ‘C  and  10  ~ '  Pa,  a  colorless 
and  hygroscopic  liquid  is  obtained  with  yield  of  50%.  The  melting  point  (  -130  "C  )  of  the  purified 
product  agrees  with  the  reported  data  of  DEAA. 

The  third  method’"  is  based  on  TEA  and  HN3  as  starting  materials  and  the  reaction  undergo  in 
chloroform  under  -78  "C,  after  distillation  out  of  die  solvent,  the  reaction  mixture  is  directly  put  into  the 
further  reaction  with  a,P-unsaturated  carboxylic  compound  to  form  DEAA. 

Concerned  about  the  toxicity,  operation  unsafety  and  other  factors  in  the  former  two  methods,  we  took 
the  first  as  the  principle  route  to  synthesize  DEAA  and  improve  the  reaction  conditions  so  that  to 
increase  the  yield  and  quality.  Alt  syntheses  were  operated  in  the  cleaned  and  dried  Schlenk  reaction 
system  under  the  protection  of  purified  nitrogen.  The  influence  of  different  factors  on  the  reaction  in 
benzene  were  examined  as  below,  including  reaction  time,  temperature,  reactant  ratio  and  solvent. 
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2.1  Reaction  time 

When  the  starting  material  ratio  is  NaNs ;  DEAC  =  1.5  :  1  (  mole  )  and  the  reaction  undergoes  at 
ambient  temperature,  the  yield  of  DEAA  is  close  to  its  maximum  in  24hrs  and  no  further  apparent 
benefit  after  then  as  the  data  in  Table  1 .  The  IR  spectrum  of  the  purified  product  is  shown  as  Fig.  1 .. 


Table  1.  Influence  of  reaction  time  on  DEAA  yield 


reaction  time  /  h 

yield  /  % 

DEAC  residue  /  %  (  mole  ) 

2 

40.6 

6.90 

12 

47.5 

4.16 

18 

50.6 

2.46 

24 

52.6 

0.05 

4S 

53.6 

0.11 

Fig.  1  IR  spectrum  of  DEAA 


2.2  Reactant  ratio 

It  can  be  seen  from  Table  2,  when  the  mole  ratio  of  NaNs  to  DEAC  is  1 .05 ;  1 ,  the  yield  of  DEAA  can 


Table  2.  Influence  of  reactant  ratio  on  DEAA  yield 


NaN3:DEAC 

yield  /  % 

DEAC  residue  /  %  (  mole  ) 

1.05:  1 

74.6 

0.93 

1.20  :  1 

70.2 

0.24 

1.30 : 1 

71.0 

0.34 

1.40 : 1 

70.8 

0.05 

1.50 : 1 


52.6 


0.05 
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be  enhanced  up  to  75%  at  ambient  reaction  temperature  in  24  hours,  21%  higher  than  that  of  ref  [2]. 


2.3  Reaction  temperature 

It  is  reported  that  one  of  the  reactant  DEAC  exists  usually  as  a  dimer  which  hinders  itself  to  smoothly 
react  with  other  compounds  under  ordinary  conditions.  It  can  be  suggested  that  some  suitable  solvent  or 


Et  Cl, 

\/ 

A1 


Et 


Ef 


C1 


Al 


-±  lEtjAlCl 


(1) 


Et 


higher  temperature  would  promote  the  dissociation  of  the  dimer  into  monomers  and,  consequently,  speed 
up  the  electrophilic  substitution  of  -Cl  by  -N3 .  Our  experiments  indicate  that  in  the  same  reactant  ratio 
the  reaction  is  faster  in  some  extent  under  the  condition  of  reacting  mixture  reflux,  but  the  yield  of 
DEAA  is  hardly  to  increase  after  12  hrs  and  can  not  reach  the  maximum  as  that  at  ambient  temperature. 
The  reaction  time,  h  temperature,  t,  and  yield,  y,  are  listed  in  Table  3. 


Table  3.  Influence  of  reaction  temperature  on  DEAA  yield 


V 

2 

4 

6 

8 

12 

24 

36 

20  x; 

65.0 

74.6 

75.0 

30  r 

63.3 

65.4 

sox; 

66.7 

69.1 

71.3 

73.7 

2.4  Effect  of  solvent 

Different  solvents  such  as  n-hexane,  cyclohexane,  benzene,  toluene,  dimethyl  benzene,  trimethyl 
benzene  and  tetrahydrofuran  (  THE  )  are,  respectively,  used  as  the  reaction  medium  at  30  "C  to 
examine  their  effect  on  the  yield  of  DEAA.  The  experimental  results  verify  the  existence  of  the 
dissociation  equilibrium  (  1  )  and  it  seems  to  be  flie  key  factor  to  control  the  azidation  of  DEAC. 

In  n-  or  cyclohexane,  the  DEAC  dimer  does  not  dissociate  and  the  Cl  atoms  in  the  bridge  state  are 
difficult  to  react  with  solid  NaNs.  But  if  the  electron-rich  THE  of  the  same  mole  as  DEAC  is  added  into 
the  hexane,  an  apparent  exothermic  effect  appears  and  the  substitution  reaction  will  go  on.  The  reacted 
mixture  is  filtered  and  distilled  after  4  hrs,  a  colorless  liquid  is  obtained  vdth  71%  yield  and  identified 
as  an  adduct  of  DEAA  •  THE  as  reported  by  Prince™. 

If  THE  is  used  as  the  reaction  medium,  the  yield  of  DEAA»THE  is  increased  up  to  87.39%  in  4  hrs,.  It 
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can  be  suggested  from  these  results  that  the  electron-rich  THF  promote  the  dissociation  of  DEAC  dimer 
into  the  corresponding  monomer  adduct  which  is  favorable  for  the  electrophilic  displacement  of  -Cl  by 
-N3  as  follows: 


Et  Cl 

\/ 

A1  A1 

/  / 
e/  Cl 


/ 


Et 


+  2  THF  ^ - ►2Et,AlCl.THF 


(2) 


'Et 


The  characteristic  strong  absorption  at  1230cm''  and  2145cm''  for  symmetric  and  asymmetric  N3 
stretching,  at  860cm''  and  1060cm''  for  symmetric  and  asymmetric  C-O-C  stretching,  respectively,  in 
the  IR  spectrum  of  Fig.  2  conform  to  the  structure  of  DEAA*THF. 


Fig.  2  IR  spectrum  of  DEAA’THF 

Since  it  has  not  found  a  proper  method  so  far  to  separate  DEAA  from  its  complex  with  THF,  benzene 
and  some  of  its  derivatives  are  still  the  best  solvents  for  DEAA  synthesis.  Benzene  presents  some 
ability  of  electronation  because  of  its  conjugated  tt-bond,  it,  therefore,  can  couple  in  some  extent  with 
the  electron-lack  A1  in  the  DEAC  dimer,  promoting  the  dissociation  of  the  Al-Cl  bond  and, 
consequently,  the  formation  of  DEAA.  With  the  increase  of  electron-rich  methyl  group  in  the  ring  of 
toluene,  methyl-,  dimethyl-  and  trimethyl  benzene,  their  electron  donor  function  are  sequentially 
increased.  When  all  the  reactions  are  carried  out  with  the  same  reactant  ratio  at  30  "C  for  4  hrs,  the 
yield  of  DEAA  also  increase  correspondingly  in  these  mediums  as  the  experimental  data  presented  in 
Table  4. 
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Table  4.  Effect  of  reaction  solvent  on  DEAA  yield 


solvent 

n-CeHi 

n-C6Hi4C6H6/THI 

CeH, 

CHj-CsHf 

(CH3)2-Ca 

(CHsls-CeHs 

THF 

yield  /  % 

0 

45.3* 

63.3 

68.0 

69.2 

71.2 

55.8* 

•  Conversed  from  the  yield  of  DEAA*TTff 


3.  DISTILLATION  OF  DEAA 

Mueller*'*'  and  Boyd*^  determined  that  the  boiling  point  of  DEAA  was  63  "C  at  0.125Pa  and  65  ~  69  "C 
at  0.375Pa,  respectively.  This  operation  is  difficult  to  do  in  ordinary  laboratories.  We  have  succeeded  in 
distillation  of  DEAA  at  higher  temperature  and  pressure  without  using  the  expensive  oil-diffiision  pump 
as  the  data  listed  in  Table  5. 


Tables  Bailing  range  CC)  ofDEAA  vs  its  vapor  pressure  (Pa) 


Pa 

0.5  2  3  3.5 

213.5 

266.6 

333.3  799.9 

74  ~  76  76  ~  78  76  ~  79  76  ~  80 

100  ~  102 

104  —  108 

108-  112  122-  124 

Plotting  the  data  in  Fig.  3,  two  linear  lines  with 
a  large  difference  of  slope  are  obtained,  which 
implies  that  there  is  a  state  conversion  in  the 
vapor  system.  The  point  of  intersection  is  close 
to  90  'C .  Wlien  lower  than  this  temperature 

and  pressure  in  stage  ( I ),  the  distillate  should 
be  DEAA  trimer;  when  the  temperature  raises 
above  100  'C  in  stage  ( II ) ,  the  trimer  would 
dissociate  into  dimer  and  monomers.  In  fact, 
this  phenomenon  is  found  to  be  general  in  the 
alkyl-aluminum  compounds* 

4.  DEAA  STRUCTURE 

By  using  the  cryoscopic  method  Mueller*”’  determined  the  molecular  weight  of  DEAA  as  379  with  a 
very  small  deviation  from  the  its  trimer  weight  381.  He  suggested,  therefore,  the  structure  of  the  trimer 
was  a  plane  with  Dsh  symmetry.  The  structure  of  Me2AlN(CH2)2  *'^',  MeaAlNHMe**’*  and  Me2AlN3*** 
reported  later  show  that  the  6-membered  (Al-N)}  ring  skeleton  seem  to  be  a  general  configuration  for 
the  nitrogen-containing  organometallic  derivatives. 


Fig.3  Boiling  range  ofDEAA  vs  vapor  pressure 
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Referring  to  the  IR  spectra  data  of  6-membered  cyclic  Et2GaN3'“’i  and  MeAlNj,  the  data  from  analysis 
of  Fig.  1  also  indicate  the  structure  of  DEAA  under  ordinary  conditions  is  (Al-N)3  ring. 


Table  6.  Analysis  of  data  from  Fig.  1 


wavenumber/cm'  ‘ 

3350 

2930 

2980 

2850 

2450 

2145 

intensity* 

w 

UI 

UI 

UI 

W 

UI 

belong  to 

2145+1230 

Va^CHj) 

V.(CH3) 

v„(CHj) 

V.(CH3) 

1230  X  2 

VufNs) 

wavenumber/cm"' 

1460 

1405 

1230 

1020 

980 

920 

875 

intensity* 

MI 

MI 

UI 

MI 

MI 

W 

MI 

belong  to 

8„(CH3) 

8.(CH2) 

VsfNs) 

P(C-C) 

v(C-C) 

8,(CH3) 

8s(N3) 

wavenumber/cm'  ‘ 

650 

542 

462 

400 

300 

290 

intensity* 

UI 

w 

W 

W 

W 

w 

belong  to 

8„(AI-Cj) 

v,(A1-C2)  8/N3) 

8(A1-C2) 

Al-N 

V,»(N3) 

8(ring) 

•  W,  MI  and  UI  are  the  abbreviations  of  intensity,  middle  and  ultra  intensity,  respectivly. 


From  the  'H  NMR  spectrum  of  DEAA  (Fig.  4.)  it  can  be  seen  that  there  are  only  two  proton  chemical 
shifts,  i.e.  the  4-fold  peak  of  6  =  0.078ppm  for  2H  and  3-fold  peak  of  6  =  0.986ppm  for  3H.  This  means 
otdy  one  kind  of  alkyl  group,  -C2CH3  ,existing  in  DEAA  molecule. 

Summing  up  the  experimental  results  of  distillation,  IR  and  'H  NMR  together,  it  can  be  further 
confirmed  that  DEAA  is  undoubted  in  a  trimer  structure  at  ordinary  conditions. 

5.  THERMAL  STABILITY 

AI-N3  in  DEAA  is  combined  with  covalent  bond,  the  electronation  effect  of  two  methyl  groups  on  Al 
atom  would  make  the  molecule  rather  unstable,  but  the  distillation  experiments  show  DEAA  can  bear 
heating  at  190  ’C  under  266  ~  400Pa  for  a  long  time  without  explosion;  when  the  temperature  raises 
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to  420  ‘C,  an  intensive  reflux  occurs  but  no  decomposition  until  the  temperature  up  to  460  ~  570  "C. 
This  thermal  stability  of  DEAA  must  related  to  its  trimer  structure,  because  in  its  6-membered  ring 
structure  the  isolated  electron  pair  on  each  in  the  structure  unit  Al-No=N6=Nc  of  one  DEAA  would 
form  a  coordinate  bond  with  the  A1  atom  in  another  molecule.  This  coordination  meets  both  the  electron 
octet  requirement  on  the  outer  orbit  of  A1  atom  and  decrease  of  the  electron  density  on  the  N  atoms  in  - 
N3,  the  later  is  the  principle  factor  to  the  high  stability  of  DEAA. 

When  heated  to  460  ~  570  V,  DEAA  will  rapidly  decompose,  releasing  nitrogen  and  low  molecule 
hydrocarbons  like  ethylene  and  ethane  etc.;  by  means  of  IR  and  scanning  electronmicroscope  the 
remained  solid  is  identified  to  be  aluminum  nitride  (  AIN  )  with  particle  size  in  the  range  of 
nanometer.  Besides  nitrogen  and  low  molecule  hydrocarbons  in  the  released  gas  are  easy  to  pump  out, 
the  low  decomposition  temperature  is  not  possible  to  result  in  carbonized  residue.  It  can  be  predicted, 
therefore,  DEAA  could  be  used  as  a  precursor  to  prepare  high  quality  AIN  ceramic  materials. 

Compared  with  DEAA,  the  DEAA  "THE  is  much  unstable,  because  the  electron-lack  orbit  on  A1  atom 
in  DEAA  is  coupled  with  the  isolate  electron  pair  on  the  oxygen  atom  in  THE  molecule  to  form  an 
adduct  monomer,  which  is  not  favorable  for  the  dispersion  of  the  electron  density  on  -N3.  When 
stimulated  by  sunlight,  heat,  impact  or  other  impulse,  DEAA  •THE  would  respond  with  violent 
decomposition  even  explosion. 

6.  CONCLUSION 

By  using  the  improved  synthesis  method  and  convenient  distillation  procedure  herein,  diethylaluminum 
azide  (  DEAA  )  is  prepared  with  a  higher  yield  and  purity.  Addition  to  IR  and  ’H  NMR  analysis 
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results,  the  behavior  of  DEAA  in  distillation  at  high  temperature  and  pressure  convincibly  verify  that 
DEAA  exist  as  a  6-membered  cyclic  trimer  under  ordinary  conditions.  The  experimental  results 
indicate  DEAA  is  a  promising  pyrophoric  agent  for  some  special  purposes  and  its  thermal  stability  is 
acceptable  for  storage  and  transportation  with  low  pressure  nitrogen  protection.  Since  it  can  be  heated 
up  to  570  ‘C  in  vacuum  without  explosion,  DEAA  is  also  a  nice  candidate  for  making  high  purity  AIN 
ceramic  material  by  means  of  chemical  vapor  deposition  (  CVD  )  . 
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SYNTHESIS  AND  INITIATION  SPOT-SIZE  TESTING  OF 


of  immiscible  liquids.  Such  Hue  emulsions  provide  enormous  interfacial 
contact  areas  between  immiscible  liquids  and  thus  the  potential  for  greater 
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The  compound  1, 3, 5-triamino-2,4, 6-trinitrobenzene  (TATB)  is  an 
explosive  with  a  high  melting  point  and  thermal  stability  that  has  been  applied 
in  situations  where  insensitivity  to  impact  hazards  is  important.  In  the  past. 


An  ultrasonic  liquid  processor  (Misonix  XL2020)  equipped  with  a  0.5-inch 
probe,  operating  at  20  kHz  with  a  variable  amplitude  power-supply  output  was 
used  for  the  preparation  of  SP-TATB.  The  power  output  was  set  at  60%  of 
maximum  550  watts. 
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reaction  between  the  two  phases.  Recently,  the  synthesis  of  nanostructured 
catalysts  with  selective  hydrogenation  reactivity  by  ultrasonication  was  reported 


The  amination  reaction  which  produced  FP6-TATB  took  place  in  an  air  sealed 
sonicator  reactor,  instead  of  in  an  open  beaker.  The  reaction  time  and  temperature  were  30 
minutes  and  1°C  respectively. 
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2.2  Powder  Characterization 

2.2.1  Particle  size  analysis  of  TATB  samples 
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Samples 

Median  Particle 
Diameter  (pm) 

FP-TATB  (KYL-i-58s) 

14 

UF-TATB  (91190-13SM-003) 

6 

FP6-TATB  (ICYL-I-89H) 

6 

PG-TATB  (Hercules) 

51 

Table.  1.  Particle  Diameters  of  TATB  Powders 


FP-TATB 

-  UF-TATB 

- FP6-TATB 

PG-TATB 


Fig.  1.  Particle  Size  Distribution  of  TATB  Samples 
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Fig.  3.  SEM  micrograph  of  UF-TATB,  obtained  on  a  Joel  6300  FXV 
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I 


Fig.  4.  SEM  micrograph  of  FP6-TATB,  obtained  on  a  Joel  6300  FXV 
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(milling).  Note  the  unusual  “Indian  ruins”  formation  on  the  surface  of  both  the  FP-and 
FP6-TATB  crystals.  In  addition  to  the  extensive  porosity  on  the  surface,  the  particles 
appear  to  be  mechanically  fragil. 

2.3  Impact  initiation  testing  of  fine-grain  TATBs  with  variable  flyer  plate  diameters 


Fig.  5.  Setup  of  Spot  Size  Test  for  Detonation  Spreading 
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Stainless  steel  flyer,  cut  to 


Fig.  6.  Detonation  spreading  of  FP6-TATB  samples,  compacted  by  both  3  and  4  mm 
flyer  diameters 
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Fig.  7.  Detonation  spreading  of  UF-TATB  samples,  compacted  by  both  3  and  4  mm  flyer 
diameters 
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UF-TATB(6)j.m)  Copper  Plate  Dents 
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approximately  22°C.  Results  of  tests  conducted  on  two  batches  of  ultrasonically- 
aminiated  TATBs,  one  lot  of  UF-TATB  (91190-135M-003)  and  one  lot  of  PG-TATB  are 
shown  in  Table  2.  It  is  interesting  to  observe  that  the  dents  of  both  SA-TATB  samples 
are  deeper  than  that  of  UF-TATB,  either  compacted  by  3mm  or  4mm  flyer  diameter, 


6.  J.  E.  Kennedy  et  al.,  Initiation  spot-size  testing  of  EA-TATB,  ADPA,  Energetic  Materials 
Symposium,  #680,  p.  227-231,  Phoenix,  AZ.,  Sept  1995. 
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can  be  considered  to  produce  shock  sensitive  TATB  for  booster  applications,  in  lieu 
of  the  more  extended  process  used  to  produce  UF-TATB. 
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Fragment  Mine  Characterized  by  a 
Directional  Effect 


Karel  Hel 

Synthesia  Joint-Stock  Co.,  Res.  Inst.  Ind.  Chem. , 
532  17  Pardubice-Semtin,  Czech  Republic 


Entwiirf  einer  durch  den  Richtungseffekt  charakterisierten 
Splittermine 

Die  vorliegende  Arbeit  befafit  sich  der  mit  dem  vorlaufigen 
Entwurf  einer  Splittermine,  die  durch  die  Richtungswirkung 
charakterisiert  wird,  unter  Anwendung  der  Prinzipien  der 
Explosionsbeschleunigung  von  Masse.  Es  wird  ein  Beispiel  des 
Entwurf s  angefiihrt,  und  die  Resultate  der  Berechnung  werden  im 
Vergleich  mit  den  Ergebnissen  der  praktischen  Versuche 
ausgewertet . 


d'  une  Mine  £ragment4  avec  effect  directionel 

L*  article  s'occupe  d'^ project  preliminaire  d  une  mine  fragments 
avec  effect  directionel  4  l' aide  de  1^ acceleration  de  la  masse, 
par  explosion.  Un  example  d'une  mine  e  cit4  dans  1'  article  et 
les  resultats  du  calcul  sont  compar4s  avec  1'  exp4riment. 


Summary 

The  paper  deals  with  a  preliminary  design  of  Fragment  Splinter 
Mine  characterized  by  a  directional  effect  using  the  regularities 
of  explosion- induced  mass  acceleration.  There  is  given  an  example 
of  the  design  concerned,  and  the  results  of  calculation  are 
evaluated  by  comparison  with  experiments. 


1 .  Introduction 

The  splinter  mines  with  a  directional  effect  are  used  against  the 
living  force  and  also  against  light  armoured  technique^^”^^ .  As 
a  rule  they  complete  the  system  of  barricades.  In  such  a  case 
they  are  used  for  the  protection  of  important  military  objects. 
The  landing  air-borne  forces  can  use  the  splinter  mines  with 
directional  effects  as  "withdrawal  mines"  (i.e.  mines  for 
defensive  applications),  fitted  with  a  simple,  e.g.,  mechanical 
time-delay  element,  the  intruding  forces  being  thus  destroyed. 
The  effect  manifests  itself  in  a  horizontal  direction  above  the 
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ground,  and  the  mines  of  this  type  are,  therefore,  designated  as 
horizontal  splinter  mines  (HSM). 

The  best  known  representatives  of  the  HSM  involve  the  American 
M18A1  (Claymore)  with  ball-like  splinters,  loaded  with  the 
plastic  explosive  Composition  C-4^^'.  The  Swedish  HSM  of  the  FFV 
Wehrtechnik  Company  belongs  with  respect  to  its  dimensions  and 
mass  data  to  the  biggest  ones.  These  multipurpose  war  means,  FFV 
-  013  and  FFV  -  013R,  create  from  the  prefragmented  steel  shell 
about  1200  hexagonal  splinters,  which  cover,  as  reported, 
a  surface  of  7500  m^  at  a  fragment  density  of  2  splinters  per 
a  m^.  The  effect  on  a  living  force  extends  to  a  distance  of  150 
m.  In  that  distance  the  splinters  cover  a  surface  of  100  m  in 
width  and  4  m  in  height.  The  fragments  protrude  (pierce)  a  steel 
armour  of  6  mm  in  thickness  at  a  distance  of  50  m.  The  HSM  of  the 
FFV-13  is  positioned  on  a  tripod,  and  the  whole  set  has  a  weight 
of  35  kg,  the  proper  mine  weighting  20  kg.  The  splinter  body  has 
a  weight  of  7,5  kg.  The  dimensions  of  a  prefragmented  steel  shell 
are  420  by  250  mm'^'. 

The  examples  given  for  the  HSM-type  weapons  represent  simple  and 
effective  tools,  which  can  be  activated  by  means  of  tripwires, 
electric  contact  wires ,  seismic  sensing  elements ,  optical  gates , 
wireless  initiation  means  induced  by  a  coded  signal,  and  the  like. 

2.  Horizontal  Splinter  Mine  (HSM)  Design 

The  HSM  considered  from  the  point  of  view  of  accelerating  the 
mass  by  an  explosive  effect  can  be  represented  by  an  open 
assymetrical  sandwich  structure,  which  can  be  described  by  the 
Gurney  acceleration  scheme,  especially  then  when  we  want  to 
evaluate  the  effect  of  shell  on  accelerating  the  splinters.  The 
Gurney's  formulas  cannot  be  used  for  describing  the  directional 
effect  of  splinters^”'. 

The  velocity  of  splinter  body  under  conditons  of  acceleartion 
having  the  form  of  prefragmented  steel  plate  can  be  described  by 
the  relation  (1)  and  the  deflection  angle  defined  by  the  relation 
(2),  as  given  in  the  following: 

Vpg  =  2  D  sin  (p/2  ,  (1) 

1/  =  \/f^  +  b/r  ,  (2) 

wherein  I/jPq  ^  empirical  constants ,  D  is  the  velocity  of 

detonation,  and  r  is  the  the  ballistic  ratio  as  defined  by  the 
following  relation: 

r  =  mg/m^  ,  (3) 

wherein  m^  is  the  mass  of  explosive  and  m^  is  the  mass  of  the 
splinter  body  under  the  acceleration. 

Figure  1.  shows  the  direction  of  flight  of  the  splinters  created 
from  the  prefragmented  steel  plate  being  accelerated  by  an 
explosion. 
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Figure  1.  Direction  of  flight  of  the  splinters  created  from  the 
prefragmented  plate  being  accelerated  by  the  explosive 
acceleration 

For  the  RDX/TNT  50/50  explosive  the  empirical  relation  assumes 
the  form  as  follows: 

l/'f  -  1.728  +  3.55/r  (rad~^)  (4) 

With  the  splinter-forming  body  of  z  in  thickness  there  exists  for 
a  given  explosive  column  e  an  optimum  thickness  value,  ^opt. ' 
corresponding  to  the  optimum  ballistic  ratio  value,  which  can  be 
related  to  an  optimum  utilization  of  explosive  energy,  as 
characterized  by  a  deflection  angle  'P  =  Pq/2,  wherein  is  the 

angle  of  expansion  of  the  detonation  products  into  the 
atmosphere ^ ® ^ ,  as  given  by  the  following  relation: 

fo  =  ‘”  -  l>/2  ,  (5) 

wherein  ^  is  the  polytropic  exponent.  For  ^  =  3  is  =  37°15'  . 

Fig.  2  shows  the  dependence  of  the  velocity  and  kinetic  energy  of 
the  plate  being  accelerated  reduced  to  the  unit  mass  of  the 
explosive  on  the  ballistic  ratio  according  to  the  relations  (3) 
and  { 4 ) . 
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Figure  2.  The  ballistic  ratio  dependence  of  velocity  and  kinetic 
energy  of  the  accelerated  plate  reduced  to  the  unit  mass  of 
explosive 

The  fragments  separated  from  the  prefragmentd  plate  are  given  the 
velocities  given  by  the  relation  ( 1 ) . 

If  we  denote  the  initial  velocity  of  fragment  as  then  the 

drop  of  velocity  follows  an  approximate  relation  given  by  the 
following  equation  (6) 

=  Vqs  (-  CoA^jOy^x/mg)  ,  (6) 

wherein  Cp  is  the  coefficient  of  resitance,  Ag  is  the  surface 
area  of  the  fragment  cross  section, <£^2  is  the  density  of  air. 
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X  is  the  distance,  and  lUg  is  the  mass  of  the  fragment. 

The  effective  distance  necessary  for  putting  the  target  out  of 
action  is  given  by  the  relation 

Xjj  =  -  (Ln  Vjjn/Vos)Av  / 

wherein  =  c^Ag  ,  Vj^jj  is  the  velocity  necessary  for 

destroying  the  targets  at  a  given  mass  of  fragment  mg 

''^xN  " 

wherein  is  the  specific  energy  for  destroying  the  targets. 

In  Table  1.  there  are  given  some  approximate  values  of  Ej^jj  for 
individual  targets 

Table  1.  Specific  energies  for  destroying  the  targets 


Target 


^xN  (J ^ ) 


living  force 

living  force  with  a  protective  jacket 
nonarmnoured  military  equipment 
carrier 


1  X  10® 
7.7  X  10® 
1.3  X  10® 
1.5  X  10® 


In  Table  2.  there  are  given  the  geometrical  characteristics  of 
the  freagments  considered  and  the  coefficient  of  resistance  Cn 

values (9?.  ^ 


Table  2 . 

Geometrical 

considered 

characteristics  of  the 

fragments 

Parameter 

Sphere 

Rhombic  prisms 

of  the  dimensions 

/ 

a (radius) 

(2a  ,  a)  < 

Volume 

Vg(cm3) 

0.5236a^ 

3.464a 

Surface 

area 

Sg ( cm^ ) 

3.1416a2 

11.464a 

Cross 

section 

Ag ( cm^ ) 

0.7854a^ 

2.866a 

mg/Ag 

2a  pg/3 

1 . 209a 

^=0 

0.47 

1,15 
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The  drag  coeffient  Is  shown  by  the  balls.  In  the  fact  the  drag 
coefficient  depends  on  the  velocity,  and  at  a  Mach  number  value  M 
<  1  the  coeffient  drops  below  the  values  as  given  in  Table  2. 

It  is  useful  to  express  the  destruction  coeffient  v„[|  from  the 
relations  (7)  and  (8)  by  means  of  the  starting  velocity  v^g,  the 
destruction  distance  Xjj,  and  the  energy  of  destruction  Ej^^j  as 
follows ; 

^xN  =  ^os  f 
wherein  t  =  c^ 

The  probability  of  hitting  the  target  is  given  by  the  following 
expression: 

P  =  1  -  exp(  -  ASj,g(j)  ,  (10) 

wherein  A  is  the  density  of  fragments  expressed  as  the 
number  of  fragments  impinging  a  surface  area  of  1  m^.  The  reduced 
target  surface  can  be  determined  from  the  target  outline. 


3.  Example  of  the  desing  of  HSM 

We  will  try  to  design  an  HSM,  which  is  able  to  pierce  with  its 
fragments  a  steel  plate  of  6  mm  in  thickness.  For  this  purpose  we 
consider  as  appropriate  to  use  a  hexogene  and  tritol  based 
explosive  with  an  RDX/TNT  weight  ratio  of  50/50. 

According  to  (1)  and  (2)  we  can  write  for  a  ballistic  ratio  r  of 
2 


^  =  2/(1.728x2  +  3.33)  =  0.2855  rad  =  16°21 

Vgg  =  2x7.6  sin  0.2855  =  2.1622  km.s"^ 

On  using  the  relation  (9)  we  can  write  the  following  relations 
for  the  fragments  shaped  as  follows: 

a)  as  a  ball:  t  =  0.47x1.3x50/2x1,5x10“®  =  1.018x10“® 

b)  as  a  rhombic  prism:  t  =  1.15x1.3x50/2x1,5x10“®  =  2.491x10  ® 

and  further,  using  the  relation  (8),  we  get  the  following 
relations  for  the  fragments  shaped  as  follows: 

a)  as  a  ball:  Vj^jj  =  2162  exp(-  1 .018x10“®  )Vjjjj^ 

b)  as  a  rhombic  prism:  Vj^fj  =  2162  exp(-  2 . 491x10“®  )Vjjjg^ 

These  equations  solved  give  us  the  values  of  destruction 
velocity  for 


^xN  =  917  m.s 


-1 


Vjjjj  =  680  m.s 


-1 


a)  a  ball  fragment: 

b)  a  rhomboid  fragment 
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From  the  equation  (8)  we  get: 

a)  for  a  ball  fragnent  Ag/m^  =  917^/2x1.5x10“^  =  0.028  m^.kg“^ 

and  ”>3/^3  “  35.68  kg.m“^  =  3.568  g.cm“^ 

b)  for  a  rhomboid  fragment  Ag/mg  =  680^/2x1.5x10“”^  = 

=  0,0154  m2.kg“^ 

and  ®s/As  =  6.488  g.cm“^ 

The  killing  velocities  are  then  as  follows: 

a)  a  ball  fragment  Vg^  =  (2x0,028x10®)^'^^  =  236.6  m.s“^ 

b)  a  rhomboid  fragment  Vgjj  =  (2x0.0154x10®)^/^=  175.5  m.s“^ 

The  killing  distances  are  given  as: 

a)  for  a  ball  fragment  Xgjj  =  Ln(236.6/2162)/(-0.0171)  =  129  m 

and  ky  =  0.47x1.3x0.028  =  0.0171  m“^ 

b)  for  a  rhomboid  fragment  Xgjj  =  Ln(175.5/2162)/(-  0.0230)  =  109  m 

and  ky  =  1.15x1.3x0.0154  =  0.02302  m“^ 

For  a  ball-like  fragment  the  values  of  interest  are  as  follows:  a 
=  1.19  cm  and  for  a  rhomboid  fragment  showing  a  geometry  (2a,  a, 
5  =60°)  a  =  0,659  cm  and  m^  =  7,77  g.  The  balls  are  used  as  a 
rule  in  a  fragment  body  manufactured  of  a  plastic. 

Considering  a  design  of  HSM  with  a  rhomboid  fragment  and  assuming 
a  mass  of  HSM  of  30  kg  the  mass  of  prefragmented  plate  will  be  10 
kg  and  and  the  explosive  charge  mass  20  kg,  provided  a  ballistic 
ratio  r  =  2 . 

The  thickness  of  explosive  charge  will  be 

e  =  2  X  0,659  X  7.85/1.67  =  6.195  cm 

on  using  steel  with  a  density  of  7.85  g.cm“^  and  an  explosive 
with  a  density  of  1.67  g.cm“^. 

The  fragment  has  then  a  surface  area  of 

Ag  =  2.866X0.659^  =  1.245  cm^ 

The  prefragmented  plate  surface  will  then  be  given  by  the 
following  equation 

S  =  10^^/0.659x7.85  =  1935  cm^ 

When  we  select  a  prefragmented  plate  size  of  35  by  55  cm  (S  = 
1925  cm^),  then  the  number  of  fragments  Ng  =  1925/1.245  =  1546. 
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With  respect  to  the  dimensions  of  prefragmentation  scratches  the 
number  of  fragments  is  appropriately  lower  (area  of  scratches  = 
1.5  cm^) 

Ng  =  1925/1.5  =  1280 


Scattering  geometry  of  the  fragments 


For  example,  at  the  demand  provided  that  at  a  distance  of  100 
m  from  the  place  of  activation  of  the  HSM  a  surface  of  150  m  by 
4  m  =  600  m^  is  covered  the  values  of  sector  angles  will  be  as 
represented  in  Fig.  3  as  follows 


'fTx  =  arctg  75/100  =  0.6435  rad  =  36“52 
^2  =  arctg  2/100  =  0.0199  rad  =  1°  8 


In  case  when  the  focus  distance  fsiF  =  0.225/sin  2  much 

lower  than  the  distance  from  the  target  surface  it  is  p6ssible  to 
use  the  above  mentioned  procedure  for  determining  2 • 

0.225  m  is  a  half  of  the  length  of  the  prefragmented 'plate. 

At  an  angle  of  deflection  ip  =  0.2855  rad  =  16“21  the  angles 
and  8 2  of  the  structure  profile  of  the  prefragmented  plate 
represented  in  Fig.  4  for  the  convergent  and  divergent  geometries 
are  given  by  the  following  relations 


fel  =  ^  -  0.6434  +  0.2855  =  0.929  rad  =  53°13 
^2  =  "ifl  ~  =  0,6434  -  0,2855  =  0.358  rad  =  20°30 
63  =  if  "1^2  ^  0,2855  -  0.0199  =  0.2655  rad  =  15°12 

In  Fig.  3  there  are  represented  the  scheme  of  the  target  surface 
coverage  by  the  fragments  and  the  determination  of  sector  angles, 
and  Fig.  4  represents  the  geometrical  and  structural  parameters 
of  HSM  according  to  the  requirements  of  the  task  definition. 


Ground  plan 


Convergent  geometry 
(f  =  0.225/sin  0.6445  = 
=  0.375  m) 


Divergent  geometry 
(f  =  0.225/sin  0.6435  = 
=  0.375  m) 


Side  elevation 

(f  =  0.225/sin  0.0199  =  11.36  m) 


Figure  4.  Geometrical  structure  parameters  of  HSM  according  to 
the  task  definition 
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The  density  of  fragment  coverage  at  a  distance  of  x  from  the 
place  of  initiation  and  the  probability  of  deactivation  of  a 
living  target  are  given  in  Table  3. 


Table  3.  Probability  of  deactivation  of  living  force  for  the 
HSM  designed 


Distance 

Surface 

Density  of 

Probability  of 

of  coverage 

fragments 

hitting  the 

for  the  target 

target  ( P ) 

area 

x(m) 

Sc(m2) 

A=  Ng/S^ 

standing  lying 

100 

600 

2.13 

0.63  0.34 

50 

150 

8.55 

0.986  0.86 

The  design  arrangement  of  the  HSM  can  vary  in  accordance  with  the 
reguirements  for  the  coverage  of  target  area  with  the  fragments, 
the  methodological  procedure  of  design  preparation  will  be, 
however,  analogical.  We  want  to  turn  your  attention  to  the  fact 
that  the  relation  (2)  giving  the  angle  of  deflection  is  correct 
only  for  the  accelerated  steel  class  11  plates.  For  the  splinter 
bodies  prefragmented  mechanically  or  by  application  of  laser 
rays  the  angle  of  deflection  is  lower  than  that  for  the  case  of 
undisturbed  plates . 

Having  this  in  mind  we  cannot  use  this  relation  in  calculations 
for  the  HSM  designs  in  case  of  splinter  bodies  prepared  from, 
e.g.,  polystyrene  containing  balls.  Here  it  is  possible  to 
determine  the  conditions  of  detonations  and  accelerations  of 
splinter  bodies  experimentally  by  means  of  argon  flashes  and 
a  rapid  scanning  camera'^^^.  The  regularities  (1)  and  (2)  keep 
their  validities  also  in  case  of  accelerating  a  splinter  body 
having  a  radius  of  curvature  R^,  the  preliminary  design  of  HSM 
will  be,  however,  more  complicated. 


4.  Experimental  Verifications  of  the  HSM  performance 

For  manufacturing  the  prefragmented  steel  splinter  bodies 
a  material  according  to  CSN  42  5310,  grade  11  373,  having  a  size 
of  200  by  150  by  5  mm  was  selected,  the  optimum  cutting  depth  and 
cuttting  width  being  3  resp.  0.5  mm,  with  a  rhombic  pattern  of 
side  by  side  size  of  7  by  7  mm,  the  sharp  angle  amounting  to 
45°.  The  prefragmentation  can  be  performed  by  means  of  milling 
operations  or  by  a  laser  cutting  procedure. 

Table  4.  gives  the  results  of  mneasuring  the  splinter  velocities 
observed  on  parting  the  prefragmented  steel  plates  using  the 
military-purpose  explosives  RDX/TNT  50/50,  a  plastic  explosive 
PI  Np  10  of  a  density  1.48  g.cm“^  and  a  detonation  velocity  D  = 
7.5  krn.s”^,  an  aluminized  plastic  explosive  VYKON  (POWER)  with 
a  density  of  1.62  g.cm”^  and  D  =  7.1  krn.s"^,  and  a  commercial 
plastic  explosive  SEMTEX  lA  showing  a  density  of  1.48  g.cm  ^  and 
D  =  7.4  km.s”^.  The  velocities  of  first  splinters  parted  from 
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a  prefragmented  steel  plate  on  detonating  the  experimental  HSM 
were  measured  using  a  single-channel  procedure  on  the  base 

of  9  m  the  piezoelectric  sensors  KA  MAG  as  designed  by  the  Res . 
Inst,  Ind.  Chem. 

Table  4 .  Results  obtained  on  measuring  the  velocities  of 
fragments  generated  by  the  experimental  HSM  using  various 
explosives'^^'  . 


Explosive 

Ballistic 

ratio 

r 

Experimental 
average 
velocity  of 
fragments 
v(m.s“^) 

Initial 

fragment 

velocities 

Vos{m.s"l) 

Acceleration 

equivalent 

% 

RDX/TNT 

50/50 

2.86-2.9 

2262 

2332 

100 

SEMTEX  lA 

to 

1 

to 

00 

2010 

2072 

88.9 

VYKON 

2.808 

2110 

2130 

91.3 

PI  Np  10 

2.8 

2136 

2144 

91.9 

On  testing  the  partability  of  a  prefragmented  steel  plate  there 
was  experimentally  determined  the  optimum  scratch  depth  as  equal 
3  mm  at  a  plate  thickness  of  5  mm?  a  good  partability  of  the 
plate  was  found  in  case  when  the  explosive  was  in  contact  with 
the  prefragmented  plate  side. 

Also  a  qualitative  finding  was  taken  showing  that  the  partability 
of  a  prefragmented  plate  to  the  splinters  is  improved  when  the 
direction  of  propagating  front  coincides  with  the  axis  of  sharp 
angle  of  prefragmentation  pattern,  which  allows  to  conclude  on 
the  optimum  way  of  initiating  by  a  planar  detonation  wave 
generator  (PDWG)  and  an  attached  explosive  charge,  as  shown  in 
Fig.  5.  The  initiation  of  HSM  according  to  Figure  5b)  is  a 
simpler  one  of  the  two  possibilities. 
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Detonation  front 


D^^  ^2  ^1  ^  ^ 

a)  by  means  of  the  PDWG  b)  by  means  of  an  attached 

charge 

Figure  5,  The  preferred  ways  of  initiating  the  explosive  HSM 
charge 


The  angle  a  in  the  plane  detonation  wave  generator  is  defined  by 
the  following  formula' 

0=2  arcsin  (D2^/D2^  -  1)^^^  ,  (11) 

wherein  2  denotes  the  detonation  velocities  of  explosives. 
The  positioA  of  impingement  of  splinters  followed  on  the  target 
corresponded  to  the  angle  of  deflection  as  calculated  according 
to  the  relation  ( 4  ) . 

The  splinter  bodies  of  poly(methyl  methacrylate)  containing  steel 
balls  gave  on  the  acceleration  at  the  same  ballistic  conditions 
the  substantially  identical  starting  velocities  and  do  not  follow 
the  earlier  defined  regularity  (4).  The  geometry  of  scattering  of 
the  fragments  is  determined  sooner  by  the  geometry  of  fragment 
body,  which  seems  simpler  for  the  purposes  of  designing  the 
splinter  mines  with  a  directional  effect.  The  fragment  bodies 
containing  balls  allow  to  reach  higher  fragment  densities. 


5 .  Conclusions 

Known  types  of  HSM  and  also  the  preliminary  design  shown  consist 
in  that  a  fragment  mine  body  with  an  explosive  charge  is  profiled 
by  various  ways  according  to  the  requirements  put  on  the  space 
coverage  with  the  splinters.  Such  solutions  represent  an 
disadvantage  for  a  stuggle  situation  as  it  is  not  possible  to 
change  the  scope  of  coverage  of  a  target  area  with  the  splinters 
and  their  density  at  a  required  distance  and  direction  by  using  a 
single  HSM. 

The  given  disadvantages  of  comparatively  large  HSM  types  can  be 
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removed  by  the  design  adaptions  consisting  in  using  a  structure 
having  two  independent  combat  parts ,  which  revolve  round  a  stand 
ending  in  a  tripod'^^^. 

The  priming  system  of  combat  parts  of  the  explosive  charges 
consists  of  plane  detonation  wave  generator  and/or  a  booster 
charge  attached . 

Fig.  6  shows  a  structural  HSM  embodiment  thus  comprised,  wherein 
the  key  symbols  used  have  the  following  meanings: 

1  -  a  fragment  body 

2  -  an  explosive  charge 

3  -  plane  detonation-wave  generator  and/or  an  attached  primary 

charge 

4  -  initiation  chain  fuse 

5  -  rotary  joints  of  combat  HSM  parts 

6  -  initiation  system  comprising  a  fuse,  a  primary  charge,  and 

a  detonation  cord,  wchich  transfers  the  detonation  into  the 
initiation  system  consisting  of  positions  3  and  4 

7  -  rotary  joints  of  combat  HSM  parts,  giving  possibility  of 

varying  the  angle  of  opening  of  combat  parts 

8  -  carrying  middle  rod 

9  -  HSM  stand 

10  -  ring  for  gripping  the  tilting  legs 

11  -  tripod 

12  -  protracting  scale  for  adjusting  the  angle  of  opening  of 

both  combat  HSM  parts 
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An  advantage  of  the  design  represented  in  Fig.  6.  consists  in  the 
fact  that  on  using  two  independent  combat  parts  it  is  possible  to 
create  the  divergent  and  convergent  streams  of  fragments  and  to 
adapt  the  shooting  to  local  terrain  conditions  and  to  cover  the 
target  area  as  appropriate. 

The  parachute  troops  can  find  as  practical  mining  means  for 
individuals  the  splinter  mines  characterized  by  a  directional 
effect;  as  a  sample  of  this  kind  of  mining  means  the 
afore-mentioned  American  M18  A1  (Claymore)  mine  can  serve. 
Recently  the  systems  of  heavy  fragments  have  been 
active  dynamic  protection  charges  for  armoured  vehicli 


used  in, the 
sTi6,17) _ 
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ABSTRACT 

The  difference  in  enthalpies  of  formation  of  a  nitrocellulose  (NC)  with  the 
identical  contents  of  nitrogen  at  the  various  authors  reaches  60  kcal/kg.  It  is 
connected  with  first  of  all  to  a  nature  of  source  cellulose,  as  well  as  with  the 
factious  composition,  degree  crystallinity,  molecular  -  mass  distribution  and 
other  factors.  On  the  measured  energy  of  combustion  NC  renders  also 
significant  influence  presence  of  the  remaining  moisture  in  samples  in 
consequence  of  its  hygroscopicity  and  contents  of  impurities. 

By  the  method  of  a  calorimetry  of  combustion  the  energies  of  combustion 
are  measured  of  6  samples  NC  with  the  contents  of  nitrogen  from  10.24  before 
13.65  %,  received  from  highclean  cotton  cellulose.  From  the  received 
experimental  data  the  enthalpies  of  fonnation  of  the  investigated  samples  NC 
are  calculated.  For  preventing  an  influence  absorb  moisture  on  the  value  of  tlie 
energy  of  combustion  the  samples  NC  are  dried  in  high  vacuum  under  1 10®  C. 
Dried  up  samples  carried  without  the  contact  with  atmosphere  in  the  dry  box, 
placed  in  the  previously  weighed  polyethylene  packages,  which  then 
hennetically  sealed. 

Combustion  of  the  samples  NC  carried  out  on  the  calorimeter  of  the  design 
ICP  RAS,  developed  specially  for  burning  energetic  materials  on  small 
quantities  of  samples. 

The  profound  analysis  of  works  on  the  determination  of  the  enthalpies  of 
formation  NC  is  carried  out.  The  regressive  equation  for  dependence  the 
enthalpies  of  formation  NC  from  percentage  of  nitrogen  is  received  on  tiie 
basis  of  the  received  enthalpies  of  formation  and  the  most  reliable  literary 
values  by  the  method  of  the  least  squares. 
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INTRODUCTION 

The  nitrocellulose  (NC)  is  major  in  the  practical  plan  of  substances.  The  NC  is 
the  basis  for  development  of  the  extremely  wide  nomenclature  of  the 
ammimition,  and  she  far  has  not  exhausted  the  yet  not  opportunities.  She  serves 
the  basic  component  of  the  artillery  and  ballistic  gunpowders  and  largely 
detennines  quality  of  the  ammunition.  In  spite  of  the  important  significance  for 
a  theoretical  estimation  of  efficiency  solid  propellants  and  gunpowders  on  the 
basis  NC  the  value  its  enthalpy  of  formation  is  known  with  smaller  accuracy, 
than  for  other  components.  It  is  connected  both  to  specific  features  the  NC, 
and  with  difficulties  of  definition  of  its  thermochemical  characteristics.  The 
value  of  the  enthalpies  of  formation  NC  depends  first  of  all  on  percentage  in  it 
of  nitrogen  (%  N),  describing  the  degree  replacement  of  hydrogen  atoms  in 
cellulose  with  nitrogroups.  In  turn,  the  quality  NC  basically  depends  on 
properties  of  initial  cellulose,  methods  of  its  processing  and  conditions  of 
realization  of  process  nitration. 

Despite  of  significant  quantity  of  works,  in  which  by  the  calorimetric 
methods  investigated  various  properties  cellulose  and  NC  (enthalpy  of 
combustion,  heat  of  wetting  to  water  and  solvents,  heat  capacity,  interaction 
with  plasticizer  and  so  on),  it  is  impossible  to  consider  these  researches 
exhaustive,  in  a  row  of  cases  reliable,  and  conclusions  imequivocal.  Very  much 
fi'equently  measurements  were  carried  out  on  the  not  characterized  samples,  the 
methods  of  preparation  of  samples  to  experiences  are  not  indicateded  in  the 
majority  works.  At  the  same  time,  the  properties  of  these  substances  very 
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Strongly  depend  on  initial  raw  material,  methods  of  its  processing  and 
conditions  of  the  drying  out. 

The  discrepancy  in  values  of  the  enthalpy  of  fonnation  NC  at  the  various 
authors  reaches  more  than  60  kcal/kg.  On  measured  the  energy  of  combustion 
is  rendered  by  influence  presence  of  a  residual  moisture  NC,  contents  of  metals 
and  organic  impurity,  index  crystallinities,  factious  composition,  degree 
polymerization,  molecular  -  mass  distribution  and  other  factors. 

For  the  first  time  the  enthalpy  of  formation  NC  with  N  =  13,46  %  is 
received  in  1881  year  equal  -573,8  kcal/kg  [1].  In  1921  year  Kast  has  received 
for  a  sample  NC  with  N  =  12,99  %  the  enthalpy  of  fonnation  equal  -594,6 
kcal/kg  [2].  Prettre  [3]  has  received  for  the  first  time  linear  dependence  the 
enthalpies  of  formation  NC  from  percentage  of  nitrogen  in  the  substance.  In 
the  further  similar  dependence  were  received  by  the  row  of  the  authors  [4  - 
10].  It  is  necessary  to  note,  that  the  works  are  executed  basically  in  30-th- 
years,  and  last  publication  concerns  to  1950.  The  results  of  these  measurements 
are  given  on  pic.l.  From  the  diagram  it  is  visible,  that  the  character  of 
dependences  appreciablly  differs;  direct  2  and  7  practically  coincide;  3  and  6 
are  almost  parallel  them,  direct  1 ,4  and  5  have  various  inclinations. 

Most  energetically  advantageous  values  of  the  enthalpies  of  formation  are 
received  in  works  Miles  [8]  and  Taylor  [9,10]  from  calorimetric  measurements 
of  heats  of  explosive  decomposition  NC.  In  work  [8]  the  total  volume  of  the 
gaseous  products  of  explosion  is  measured  and  their  analysis  on  CO2,  CO, 
CH4,  H2  is  made,  the  quantity  formed  water  is  determined.  In  result  the  author 
calculated  enthalpies  of  formation  of  four  samples  NC  in  the  interval  12,62  — 
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Pic.l  The  dependence  of  the  enthalpy  of  fonnation  NC  from  percentage  nitrogen. 
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13,45  %  N.  The  author  indicates  that  the  error  of  definition  of  heat  of  explosive 
decomposition  NC  and  gas  analysis  make  up  about  1%. 

In  work  [10]  volume  of  gases  and  quantity  of  water  fonned  with 
combustion  of  samples  NC  in  vacuum  is  determined,  the  humidity  of  initial 
samples  was  controlled.  As  the  gas  analysis  of  products  of  reaction  was  not 
carried  out,  calculated  on  the  basis  of  these  measurements  the  enthalpies  of 
fomiation  NC  cannot  be  considered  reliable.  In  work  [6]  the  influence  of  the 
residual  moisture  in  samples  is  not  taken  into  accoimt.  It  is  doubtless  that  data 
[7]  in  area  above  than  13  %  N  and  below  12%  N  are  erroneous. 

In  work  [11],  executed  in  NBS  USA,  the  energies  of  combustion  of 
samples  of  wood  and  cotton  cellulose  are  measured.  The  authors  took  into 
account  the  amendments  on  heats  of  wetting  NC,  the  quantity  of  the  burned 
down  substance  undertook  on  the  basis  of  results  of  the  gas  analysis  on  formed 
CO2.  All  impurity  in  samples  (0,4  —  0,9  %)  the  authors  considered  as  inert 
materials,  which  did  not  give  the  contribution  to  the  energy  of  combustion,  that 
is  rather  disputable. 

EXPERIMENTAL 

The  analysis  of  work  has  shown,  that  for  reliable  definition  the  enthalpies 
of  fonnation  NC  the  important  significance  has  not  only  purity  of  substance, 
but  also  method  of  definition,  and  condition  of  preparation.  We  produced 
conditions  of  combustion  NC  by  two  ways.  In  the  first  case  the  samples  NC 
dried  with  1 10°  C  in  high  vacuum  within  one  hour,  then  transferred  to  dry  box 
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Table  1. 


Determination  of  the  thermochemical  properties  NC 


%N 

Condition  of  preparation  of  samples 

AU’b(NC) 
kcal  /  kg 

-  AH®f(NC) 
kcal  /  kg 

10.24 

Dried  atllO°C  in  vacuum,  3  hours, 
sealed  in  polyethylene  packages 

2732.4 

778.1 

11.56 

Dried  atl  10®  C  in  vacuum,  3  hours, 
sealed  in  polyethylene  packages 

2545.2 

696.3 

12.28 

Not  dried 

Dried  on  air 

2397.9 

2408.4 

Dried  at  1 10®  C  in  vacuum,  1  hour, 
pressed  as  tablets 

2437.5 

656.0 

13.41 

Dried  on  air 

2261.2 

Dried  atl  10®C  in  vacuum,  3  hours, 
sealed  in  polyethylene  packages 

2282.2 

586.4 

13.49 

Dried  atl  1 0°  C  in  vacuum,  1  hour, 
maintained  day  on  air 

2265.9 

Dried  atl  1 0®  C  in  vacuum,  1  hour, 
sealed  in  polyethylene  packages 

2271.4 

576.9 

13.65 

Dried  atl  10®  C  in  vacuum,  3  hours, 
sealed  in  polyethylene  packages 

2255.2 

562.6 
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without  contact  to  the  ahnosphere,  placed  in  previously  weighed  packages 
from  polyethylene.  Packages  hermetically  sealed  and  again  weighed  for 
definition  of  weiglit  substance.  In  the  other  case  a  NC  pressed  as  the  tablet, 
which  dried  in  the  vacuum  cupboard,  then  placed  in  previously  weighed 
weighing  bottle  with  a  cover  and  again  weighed.  The  tablet  NC  placed  in 
platinum  tigel  ,  which  determined  in  the  calorimetric  bomb.  The  sorption  heat 
of  water  took  into  account  on  the  data  of  work  [11]. 

As  the  speeds  of  burning  NC  and  films  did  not  coincide,  in  the  first  case  it 
was  very  difficult  to  achieve  completeness  of  combustion.  The  second  method 
technically  is  much  easier. 

The  results  of  measurements  of  energies  of  combustion  NC  and  received 
the  enthalpies  of  formation  are  given  in  tabl.  For  comparison  samples  sustained 
on  air  witli  room  temperature  before  and  after  drying  out  in  vacuum,  were 
burned.  It  is  visible,  that  the  energies  of  combustion  of  samples  NC  which  are 
not  having  the  contact  to  the  atmosphere  after  drying,  have  higher  values  the 
energies  of  combustion. 

On  the  basis  of  received  the  enthalpies  of  formation  NC  with  the  account  of 
the  most  reliable  literary  data  by  [3,5,11]  method  of  the  least  squares  is 
received  the  following  regressive  equation 

AH“,-  (NC)  =  -  41 3,0  +  62,00  N  (kcal  /  kg)  (1 ) 

The  equation  allows  to  calculate  the  enthalpies  of  fonnation  NC  with  the 
contents  of  nitrogen  from  10  up  to  14%. 
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ABSTRACT 

The  enthalpy  of  formation  -  main  power  characteristic  of  energetic  materials,  wliich 
is  necessary  with  thermodynamic  calculations  of  their  power  efficiency,  and  also  in 
technological  and  heatphysical  calculations.  In  the  present  work  the  calorimetric 
method  energies  of  combustion  are  measured  and  the  standard  enthalpies  of  formation 
for  a  row  derivatives  of  nitropyrazole  are  calculated.  The  influence  of  number  and 
place  of  connection  amine  and  nitrogroups  to  the  pyrazole  cycle  on  the  thermochemical 
and  physicist-chemical  properties  of  the  investigated  compounds  is  analysed.  On  tlie 
basis  of  experimental  values  of  entlialpies  of  fonnation  and  calculated  densities  are 
calculated  the  heat  of  explosion  and  the  detonation  velocity  of  tlie  investigated 
derivative  nitropyrazoles  by  tlie  method  ICP  RAS. 

Is  shown,  that  on  the  basis  of  the  pyrazole  cycle  the  explosives  with  a  wide 
spectrum  of  element  structure,  enthalpy,  density  and  physicist-chemical  properties  can 
be  synthesized. 

INTRODUCTION 

The  pyrazole  cycle  contains  higli-entiialpy  double  bonds  carbon  -  carbon  and  unary 
bond  nitrogen-nitrogen,  tliat  provides  tlie  increased  enthalpy  of  formation  of  this  cycle. 
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and  its  flat  without  bends  the  structure  allows  to  expect  the  increased  density  of  the 
compounds  with  this  fragment. 

The  specific  enthalpy  of  formation  of  a  pyrazole  (406.9  kcal/kg)  [1]  is  little  bit 
higher,  than  at  1,2,4-triazole  (380.7  kcal/kg)  [2],  and  in  the  row  of  azoles  the  pyrazole 
occupies  an  intermediate  position  between  the  high-enthalpy  tetrazole  (806.0  kcal/kg) 
[1]  and  low-enthalpy  imidazole  (205.2  kcal/kg)  [1].  It  is  possible  to  expect,  that  the 
combination  in  die  molecule  endothermic  and,  at  the  same  time,  the  stable  pyrazole 
cycle  witli  various  energetic  fragments  suffices  will  result  in  creation  of  energetic 
materials  with  a  wide  spectrum  of  change  of  the  element  structure,  enthalpy,  density  and 
physicist-chemical  properties,  including,  and  compoxmds  with  the  given  properties.. 

In  the  literature  there  are  no  items  of  information  on  tlie  enthalpies  of  combustion 
and  formation  for  the  nitropyrazoles. 

Among  pyrazoles  of  separate  attention  deserve  amino-  and  nitroderivatives,  as 
these  functional  groups,  interactioning  with  the  heterocycle  and  among  tliemselves, 
stabilize  the  molecule,  and  at  tlie  expense  of  formation  inside  and  intennolecular 
hydrogen  bonds  promote  increase  of  density  of  substance. 

EXPERIMENTAL 

Investigated  derivative  of  the  pyrazole  are  syntliesized  in  Institute  of  organic 
chemistiy  RAS  specially  for  tliermochemical  researches.  The  substances  are  cleared 
repeated  reciystallization,  tlieir  identity  and  cleanliness  are  confinned  by  results  of  the 
element  analysis,  spectral  and  chromatographic  measurements. 

The  entiialpies  of  formation  of  substances  is  received  from  energies  of  their 
combustion  in  tlie  calorimetric  bomb  at  the  abundance  of  oxygen.  The  energies  of  com- 
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bustion  are  measured  on  the  hermetic  calorimeter  with  the  magnetic  stirrer  developed  in 
ICP  RAS  specially  for  researches  of  energetic  materials  [3],  The  calibration  of  the 
calorimeter  is  executed  on  burning  the  reference  standard  -  benzoic  acid  of  tlie  mark  K- 
1,  certificated  in  D.I.Mendeleev  Institute  of  Metrology.  The  absence  of  the  systematic 
error  of  the  measurements  on  the  given  calorimeter  is  confinned  by  burning  of  tire 
secondary  reference  standard  -  succinic  and  hippuric  acids.  The  calorimeter  allows  to 
measure  the  thermal  effects  of  the  combustion  reactions  of  the  substances  witli  the  error 
0.02  -  0.03%.  The  bases  of  a  technique  of  burning  of  energetic  materials  are  stated  in 
work  [4]. 

The  investigated  energetic  derivative  of  tire  pyrazole  are  complicated  objects  for 
the  thermochemical  researches., The  molecules  of  tire  investigated  compounds  contain 
the  high-enthalpy  pyrazole  cycle  with  joined  to  it  of  the  nitrogroups.  With  burning  such 
compounds  in  the  calorimetric  bomb  witli  abundance  of  oxygen  tlie  spontaneous 
transition  of  burning  in  explosion  is  possible.  It  results  in  destruction  of  the  internal 
fixture  of  the  calorimetric  bomb  and  change  of  parameters  of  tire  thennometer  of 
resistance. 

With  the  piuposes  of  stabilization  of  tlie  burning  process  the  weighed  portion  of 
researched  pyrazoles  reduced  at  tlie  expense  of  addition  of  auxiliaiy  substances  -  the 
dimethylphtalate  or  tlie  benzoic  acid.  The  ratio  between  weights  of  researched  and 
auxiliary  substances  determined  experimentally,  and  it  was  individually  for  each 
derivative  pyrazole. 

With  calculation  of  tlie  combustion  enthalpies  tlie  amendments  on  heat  exchange 
of  the  calorimetric  vessel  with  the  cover,  on  tlie  incendiary  energy  and  the  combustion 
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energy  of  auxiliary  substance,  on  tire  thermal  effect  of  formation  of  die  nitric  acid, 
Washburn  and  work  of  expansion  of  gases  are  entered. 

With  calculation  of  the  standard  enthalpies  of  formation  derivatives  of  the  pyrazole 
the  following  the  enthalpies  of  formation  of  the  combustion  products  are  used; 

AH“f  [COalg  =  -  94.051  kcal/mol  [5] 

A  ffr [H20]i  =  -68.315  kcal/mol  [5]. 

RESULTS  AND  DISCUSSION 

The  results  of  measurements  of  enthalpies  of  formation  of  nitroderivative  pyrazoles 
are  submitted  in  table  1 .  The  calculated  data  of  the  density,  the  heat  of  explosion  and 
the  detonation  velocity  for  die  row  of  die  investigated  compounds  are  submitted  at  this 
table.  The  calculations  are  carried  out  on  methods  developed  in  ICP  RAS  [6]. 

In  the  table  the  following  designations  are  accepted: 

A  U’b  -  energy  of  combustion  in  conditions  of  the  calorimetric  bomb,  cal/g; 

A  H°c  -  standard  enthalpy  of  combustion,  kcal/mol; 

A  H°f  -  standard  enthalpy  of  fonnation,  kcal/mol; 
p  -  density  of  compounds,  g/c^; 

Q  -  heat  of  explosion,  kcal/kg; 

D  -  detonation  velocity,  km/c. 

As  shown  in  [2],  the  energetic  effect  of  introduction  of  the  nitrogroup  in  azole 
cycles  (A  E)  grows  in  the  row  pyrrole  -  imidazole  -  pyrazole  -  triazole  -  tetrazole.  The 
energetic  effect  of  the  introduction  of  die  nitrogroup  in  azoles  is  determined  as  the  dif¬ 
ference  between  die  enthalpies  of  formation  of  the  nitroderivative  azoles  and  die  initial 
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Table  1. 


The  thermochemical  properties  of  the  nitropyrazoles 


Compounds 

AU’b 

AH“c 

AH^f 

P 

Q 

1 

2 

3 

4 

5 

6 

I.  HC - C-NO2 

3565.5  + 

401.7± 

17.1 

'  0  ^ 

HC. 

2.6 

0.3 

H 

II.  O2N-C - CH 

3558.2  + 

400.9± 

16.2 

'  0  ^ 

HC  ^  .N 

1.8 

0.2 

H 

TIT  n,  N  c  r  nOt 

24I5.6± 

1.5 

379.1  ± 
0.2 

28.7 

1.81 

1249 

HC  ^  N 

H 

IV.  HC - C-NO2 

2376.0+ 

372.9+ 

22.4 

1.80 

1212 

O2N-C  . 

N 

3.7 

0.6 

H 

V.  O2N-C - C-NO2 

3140.6± 

538.1  ± 

25.2 

HC^  ^  N 

4.6 

0.8 

CH3 
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VI.  OzN-C - CH 

H2N-C  ^  N 


vn.  O2N-C — 

'  o 

02N-C  ^ 


H 

C-N-NO2 

\ 


3310.3±  422.3± 

2.2  0.3 


1762.5+ 

2.8 


380.3  ± 
0.6 


VIII.  O2N-C - C-NH2 

'  O  ^ 

O2N-C  ^  N 


2321.9±  399.0+  14.4 

3.3  0.6 


6  8.53 


IX.  H2N-C - C-NO2 

'  O  ^ 

O2N-C  ^  N 
N 


2237.7+  384.4+  -0.2  1.' 

3.2  0.6 


X.  O2N-C - C-NO2 

'  O  ^ 

HC.  ^  .N 
N 


2478.2±  426.1  ±  41.5 

1.4  0.3 


232  8.25 
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Continuation  table  1 . 


1 

2 

3 

II 

5 

6 

■ 

XV.  HN - N 

'  0  ^ 

NO2-C  ^  C-NO2 

2207.0+ 

3.4 

687.5  + 
1.1 

54.9 

1.85 

1407 

8.33 

c 

NOz-C'^'^C-NOa 

\  (J  / 

N - NH 

Table  2. 


Energetic  effect  of  introduction  of  the  nitrogroup  in  the  azole  cycles 


Compounds 


AH“f 


AE 


I.  HC - C-NO2 

HC  ^  .N 
W 
H 

II.  O2N-C - CH 

HC^^N 

N 

H 

III.  HC - CH 

HC.^  .N 
N 

NO2 


17.1 


-11.2 


16.2 


-12.1 


43.4 


15.1 
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azoles. 

The  enthalpies  of  fonnation  of  C-mononitroderivatives  of  the  pyrazole  weakly 
depend  on  the  place  of  connection  of  the  nitrogroups  (table  2).  The  enthalpies  of 
formation  the  3-nitropyrazole  and  the  4-nitropyrazole  differ  less,  than  on  1  kcal/mol. 
Accordingly  energetic  effect  of  introduction  of  the  nitrogroup  in  a  pyrazole  for  these 
compounds  lays  in  the  same  limits.  The  enthalpy  of  formation  of  the  pyrazole  is 
accepted  equal  28.3  kcal/mol  [1]. 

Other  picture  of  change  of  the  value  the  formation  enthalpy  is  observed  with 
connection  of  the  nitrogroup  in  the  position  of  1  pyrazole  cycle  to  tlie  atom  of  nitrogen. 
Thus  the  high-enthalpy  bond  nitrogen  -  nitrogen  will  be  formed,  and  the  increase  the 
enthalpy  of  formation  of  the  1-nitropyrazole  on  15.1  kcal/mol  is  observed  in 
comparison  with  the  pyrazole  and  on  ~  27  kcal/mol  in  comparison  with  the  C- 
mononitropyrazoles. 

In  dinitropyrazoles  the  tendency  of  change  of  tlie  formation  enthalpies  is  otlier, 
tlian  in  the  mononitropyrazoles.  With  connection  of  the  second  nitrogroup  to  the 
nitropyrazole  the  increase  of  enthalpies  of  formation  mononitropyrazoles  is  observed. 
So  the  introduction  of  the  nitrogroup  in  the  position  4  is  resulted  in  growth  with  the 
enthalpies  of  formation  on  11.6  kcal/mol,  and  in  the  position  5  -  on  5.3  kcal/mol  (table 
3).  Thus,  tlie  introduction  of  the  nitrogroup  in  the  3-nitropyrazole  in  the  position  4 
energetically  is  more  advantageous,  than  in  the  position  5  on  6.3  kcal/mol.  The  similar 
picture  is  observed  in  the  dinitrobenzene,  where  o-isomer  energetically  is  more 
advantageous,  than  m-isomer  on  8.9  kcal/mol  and  on  1 1 .8  kcal/mol,  then  p-isomer  [1]. 

In  dinitropyrazoles  most  energetically  advantageous  structure,  when  the  second 
nitrogroup  is  joined  to  the  atom  of  nitrogen  .of  the  heterocycle,  as  in  this  case  enthalpy 
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Table  3. 


Energetic  effect  of  introduction  of  the  nitrogroup  in  the  3-nitropyrazol 


Compounds 

AH“f 

AE 

I.  O2N-C - C-NO2 

HC, 

N 

H 

28.7 

11.6 

n.  HC — C-NO2 

O2  N-C 

H 

22.4 

5.3 

in.  O2N-C - CH 

'  0  ^ 

HC  ^  .N 

NO2 

42.2 

26.0 

of  fonnation  is  increased  on  26  kcal/mol  (table  3). 

In  the  literature  there  are  no  items  of  information  on  the  enthalpies  of  formation  of 
the  aminopyrazoles,  but  it  is  known,  that  with  connection  of  aminogroup  to  atom  of 
carbon  of  the  aromatic  cycle  there  is  some  decrease  of  the  enthalpy  of  formation  of 
this  cycle.  So,  in  aniline  the  enthalpy  of  formation  is  reduced  on  4.3  kcal/mol,  and  in 
aminotetrazole  on  7.0  kcal/mol  in  comparison  with  the  not  replaced  compounds  [1]. 

With  introduction  in  the  4-nitropyrazole  aminogroup  to  atom  of  the  carbon  in  the 
position  5  enthalpies  of  formation  formed  4-nitro-5-aminopyrazole  are  reduced  on 
12.6  kcal/mol  concerning  the  mononitrodeiivative  pyrazole  (table  4). 


I 
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Table  4. 

Energetic  effect  of  introduction  of  the  aminogroup  in  the  nitropyrazoles 


Compounds 

AH“f 

AE 

I.  O2N  C  CH 

16.2 

HC  ^  N 

N 

12.6 

H 

O2N-C - CH 

3.6 

H2N-C.  ^  N 

H 

II.  HC - C-NO2 

22.4 

O2N-C.  ^  .N 

N 

-22.6 

H 

H2N  C - C  NO2 

-0.2 

O2N-C  ^  N 

H 

III.  O2N  C  C  NO2 

28.7 

HC.  ^  .N 

N 

12.8 

H 

O2N  C  C  NO2 

42.5 

NH2 
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Such  reduction  tlie  enthalpy  of  formation  is  caused  not  only  stabilizing  influence  of 
aminogroup,  but  also  by  the  intramolecular  hydrogen  bond. 

The  enthalpy  of  formation  the  3,5-nitro-4-aminopyrazole  is  lower  the  enthalpies  of 
formation  3,5-nitropyrazole  on  22.6  kcal/mol  as  a  result  of  introduction  aminogroup  in 
the  position  4.  Connection  of  the  amine  group  in  pyrazole  cycle  to  the  atom  nitrogen 
energetically  is  more  favourable.  Thus  in  the  molecule  there  is  the  high-energy  bond 
nitrogen  -  nitrogen  and  the  increase  the  enthalpy  of  formation  of  formed  compound  is 
observed  in  comparison  with  3,5-dinitropyrazole. 

The  carried  out  thermochemical  analysis  of  tlie  received  entlialpies  of  formation  of 
the  nitroderivative  pyrazole  allows  to  understand  the  reasons  influencing  to  change  of 
values  of  the  formation  enthalpies. 

Work  was  made  luider  support  of  Russian  Fimd  of  Fundamental 
Investigations.  Grant  number  97-03-32254a. 
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Figure  1 :  MasterSizer  S  with  Dry  Powder  Feeder 


Three  different  families  of  instruments 

solve  every  problem: 

1.  The  MasterSizer-Family  is  a  group  of 
Laser  Diffraction  Instruments  to 
measure  emulsions,  dispersions  and 
powders  in  the  range  of  0.05  pm  up  to 
3500  pm. 

2.  The  ZetaSizer-Family  enables  to 
measure  particle  sizes  from  2  nm  to 
3000  nm  using  Photon-Correlation- 
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measure  the  Zetapotential  of  emulsions 
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3500  pm  Emulsionen,  Dispersionen  und 
Pulver  vermessen. 

2.  Die  GerSte  der  ZetaSizer-Serie  sind  in 
der  Lage  die  PartikelgroBe  von 
Emulsionen  und  Dispersionen  zwischen 
2  und  3000  nm  zu  vermessen. 

3.  Die  Spraytec-Laserbeugungsspektro- 
meter  analysieren  Sprays  und  Aerosolen 
in  dem  GroBenbereich  0,5  pm  bis  850 
pm  mit  einer  Zeitauflosung  von  2500 
Messungen  pro  Sekunde. 


Figure  2:  Spratec  5000 
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